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ABSTRACT 
 

Background 

The current gold standard for Lupus Nephritis (LN) disease diagnosis involves evaluation of a 

kidney biopsy. Significant damage to the kidney must occur prior to seeing changes in 

proteinuria, GFR, etc. to justify a kidney biopsy, which cannot be routinely taken due to its 

invasive nature. We assessed the utilization of the Luminex platform for multiplex analysis of 

urine proteomics to develop algorithms to predict NIH Activity (NIH-AI) and Chronicity (NIH-

CI) Indices. The utilization of urine tumstatin concentration as a single analyte marker for 

disease was also evaluated. 

Methods 

Urine and serum samples from healthy, systemic lupus erythematosus (SLE), LN, and non LN 

renal disease biopsy control (BC) patients were tested on a large Luminex multiplex. Stepwise 

regression and single variable regression results were combined to limit the possible candidate 

urine biomarkers. A multivariate logistic regression model (MLRM) was applied to the 

remaining markers. Tumstatin urine concentrations in healthy, SLE, LN, and BC patients were 

measured using Nordic Biosciences A/S (Herlev, Denmark) proprietary ELISA and normalized 

with creatinine concentrations. Immunohistochemistry (IHC) was performed on baseline LN and 

BC kidney biopsies for collagen IV, collagen IVα3, MPO/CD163, and MMP9. 
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Results 

Data from 280 markers were evaluated and four markers (CD163, ferritin, KIM-1, and 

antileukoproteinase) were identified (P<0.05) in the MLRM, which predicted 93% of the NIH-AI 

high patients with a false positive rate (FPR) of 11%. The markers identified for NIH-CI were 

hepatocyte growth factor, Eotaxin-2, IL-6R β, and ITAC. The NIH-CI model predicted 81% of 

patients with high NIH-CI with a FPR near 0%. Urinary tumstatin concentrations were 

significantly increased in SLE and LN patients in comparison to BC and healthy individuals. 

Kidney biopsy IHC data confirmed increased macrophage infiltration in LN patients. 

Conclusion 

Novel combinations of urine markers were used to predict activity and chronicity (high and low 

categories) with high accuracy in LN patients. These algorithms could be used to track disease 

progression without the need for biopsy. The potential use of tumstatin as a single urinary 

biomarker for early SLE or LN diagnosis/activity is supported by the findings of this study and 

further evaluation is warranted. 

 

  



v 
 

Acknowledgements 

 

The research and writing of this thesis is dedicated to everyone who helped along the way. 

Thank you to all the individuals that provided samples to conduct these experiments and further 

our knowledge on lupus nephritis. Without you none of this would have been possible. 

I’d like to thank my family, friends, and mostly my partner Jacqueline Studley for being so 

supportive throughout this journey. 

Thank you to my colleagues Dr. Wendy White, Dr. Dominic Sinibaldi, Dr. Lingmin Zeng, Dr. 

Jennifer Cann, David Chain, and Karma DaCosta at AstraZeneca for helping drive this project 

forward. Thank you so much for your guidance and expertise along the way.  

Thank you to my collaborators at Emory University Dr. Sam Lim, Dr. Alton Brad Farris III, and 

Dr. Jason Cobb for the clinical samples, clinical data, and sharing your expert knowledge.  

Thank you Dr. Federica Genovese from Nordic Biosciences for your contributions on the 

tumstatin portion of this work. 

Thank you to my thesis committee for helping with feedback regarding the progress of the 

project and guiding me through the thesis journey. Thank you Dr. Moshi Levi, Dr. Partha 

Banerjee, Dr. Nady Golestaneh, Dr. Aviad Haramati, and Dr. Michael Choi. I’d also like to thank 

Dr. Jessica Jones for guiding me throughout the entire PhD process 

I couldn’t have accomplished this work without the contributions of everyone and I want you all 

to know how much I appreciate your help.  

 

Many thanks and heartfelt appreciation, 
Ahmad Akhgar 



vi 
 

 TABLE OF CONTENTS 
 
Chapter I: Introduction and literature review ...................................................................  1 
 
    Kidney and nephron structure  .....................................................................................  1 
    Lupus and lupus nephritis diagnoses ...........................................................................  5 
    Disease activity scoring systems ................................................................................  15 
    Current standard of care and treatment ......................................................................  19 
    Potential biomarkers and drug targets........................................................................  26 
     
Chapter II: Development of novel algorithms to characterize lupus nephritis (LN) renal activity 
and chronicity using urine proteomics  ..........................................................................  42 
 
    Introduction ................................................................................................................  42 
    Methods......................................................................................................................  43 
    Results ........................................................................................................................  47 
    Discussion ................................................................................................................... 58  
 
Chapter III: Tumstatin urine proteomics in lupus nephritis ...........................................  61 
 
    Introduction ................................................................................................................  61 
    Methods....................................................................................................................... 62  
    Results ......................................................................................................................... 65  
    Discussion ................................................................................................................... 67  
 
 Chapter IV: Kidney biopsy tissue analysis ...................................................................  69 
 
    Introduction ................................................................................................................. 69  
    Methods....................................................................................................................... 69  
    Results ......................................................................................................................... 73  
    Discussion ..................................................................................................................  78 
 
Chapter V: Discussion .................................................................................................... 81  
 
Chapter VI: Future directions of the project ................................................................... 85  
 
Bibliography ................................................................................................................... 88  
  



vii 
 

  LIST OF FIGURES 
 
Figure 1. Kidney and nephron structure  .......................................................................... 3  
 
Figure 2. Anifrolumab vs placebo BICLA response over 52 week TULIP-2 trial ......... 31  
 
Figure 3. Urinary CD163 concentrations measured in varying cohorts and corticosteroid 
treatments ........................................................................................................................ 33  
 
Figure 4. Longitudinal assessments of urinary CD163 ................................................... 34  
 
Figure 5. Serum renalase concentrations in active vs inactive lupus nephritis ............... 38  
 
Figure 6. Creatinine normalized longitudinal data for urine markers identified for NIH-AI 
predictive algorithm  ....................................................................................................... 51  
 
Figure 7. Creatinine normalized longitudinal data for urine markers identified for NIH-CI 
predictive algorithm ........................................................................................................ 53 
 
Figure 8. Receiver operating characteristic (ROC) curves for NIH-AI and NIH-CI predictive 
algorithms. ...................................................................................................................... 55 
 
Figure 9. Prediction of NIH-AI and NIH-CI in all patient groups at baseline................ 56 
 
Figure 10. NIH-AI and NIH-CI longitudinal predictions. .............................................. 57 
 
Figure 11. Percentages of globally sclerotic glomeruli, interstitial fibrosis, and tubular atrophy 
present in kidney biopsy tissue classified by NIH-AI and NIH-CI ................................ 58 
 
Figure 12. Nordic tumstatin ELISA assay format .......................................................... 63 
 
Figure 13. Tumstatin concentrations across disease states from Nordic study ............... 65 
 
Figure 14. Tumstatin concentrations across disease states in study. .............................. 66 
 
Figure 15. Collagen IV amino acid sequence and corresponding antibody binding sites.72 
 
Figure 16. Immunohistochemistry results of kidney biopsy tissues from LN vs BC  
patients ............................................................................................................................ 75 
 
Figure 17. Immunohistochemistry results of kidney biopsy tissues from LN NIH-AI high vs LN 
NIH-AI low vs BC patients............................................................................................. 76 
 



viii 
 

Figure 18. Immunohistochemistry results of kidney biopsy tissues from LN NIH-CI high vs LN 
NIH-CI low vs BC patients ............................................................................................. 77 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



ix 
 

LIST OF TABLES 
 
Table 1. EULAR/ACR criteria for SLE diagnosis (2019 revised) ..................................  9 
 
Table 2. Systemic Lupus International Collaborating Clinics (SLICC) criteria  ...........  10 
 
Table 3. SLEDAI-2k score sheet  ..................................................................................  16 
 
Table 4. NIH activity and chronicity indices calculations  ............................................  43 
 
Table 5. Patient demographics ........................................................................................ 44  
 
Table 6. Pools of analytes for NIH-AI and NIH-CI determined by stepwise regression and single 
variable regression analysis ............................................................................................ 49  
 
Supplemental Table 1. NIH-AI and NIH-CI algorithms predictive score results ........... 87 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   
 

 
 



x 
 

LIST OF ABBREVIATIONS 
 

AAV    Antineutrophil cytoplasmic antibody associated vasculitis 

ACE    Angiotensin converting enzyme 

ACR    American College of Rheumatology  

ALP    Antileukoproteinase 

Anti-dsDNA   Anti-double stranded DNA antibody 

ANA    Antinuclear antibody 

ANCA    Antineutrophil cytoplasmic antibody    

APRIL    A proliferation inducing ligand  

AUC    Area under curve 

BC    Biopsy control 

BCMA    B cell maturation agent 

BICLA   British Isles Lupus Assessment Group based Composite Lupus 
Assessment 

 
BILAG   British Isles Lupus Activity Group 

DAB    3,3'-Diaminobenzidine 

ELISA    Enzyme-linked immunosorbent assay 

ESRD    End stage renal disease 

EULAR   European League Against Rheumatism 

FSGS    Focal Segmental Glomerulosclerosis 

GBM    Glomerular basement membrane 

GFB    Glomerular filtration barrier 

HGF    Hepatocyte growth factor 



xi 
 

HIVAN   HIV associated nephropathy 

HLA    Human leukocyte antigen 

HRP    Horse radish peroxidase 

IFNγ    Interferon gamma 

IgAN    IgA nephropathy 

IHC    Immunohistochemistry 

IL-6R    Interleukin 6 receptor 

ITAC    Interferon-inducible T-cell alpha chemoattractant 

IV    Intravenous 

KIM-1    Kidney injury molecule 1 

LLOQ    Lower limit of quantitation   

LN    Lupus Nephritis 

MAP    Multi Analyte Panel 

MCP-1    Monocyte chemotactic protein 1 

MHC    Major histocompatibility complex 

MLRM   Multivariate logistic regression model 

MMP9    Matrix metalloproteinase 9 

MN    Membranous nephropathy 

MPO    Myeloperoxidase 

MRBM   Myriad Rules Based Medicine 

MRD    Minimum required dilution 

NC1    Non-collagenous 1 



xii 
 

NET    Neutrophil Extracellular Trap 

NGAL    Neutrophil gelatinase–associated lipocalin 

NH    Normal Healthy 

NIH-AI   National Institute of Health Activity Index 

NIH-CI   National Institute of Health Chronicity Index 

NO    Nitric oxide 

RAAS    Renin–angiotensin–aldosterone system 

RAIL    Renal Activity Index for Lupus 

ROC    Receiver operator characteristic 

SLE    Systemic Lupus Erythematosus 

SLEDAI   SLE Disease Activity Index 

SLICC    Systemic Lupus International Collaborating Clinics 

SLPI    Secretory Leukocyte Protease inhibitor 

SNPs    Single nucleotide polymorphisms 

TACI    Tumor Necrosis Factor-Receptor homolog transmembrane  
activator and Ca2+ modulator and CAML interactor 
 

TMB    3,3',5,5-tetramethylbenzinidine 

TNFα    Tumor necrosis factor alpha 

Tregs    T regulatory cells 

TUM    Tumstatin 

UBM    Urinary biomarker 

UV    Ultraviolet 

VEGF    Vascular endothelial growth factor 



1 
 

Chapter I: Introduction and literature review 
 

Kidney and nephron structure 

  Kidneys are vital organs for filtering blood and removing waste from the body through urine 

while maintaining proper body fluid balance and ion concentrations. They are also critical in 

regulating blood pressure. Kidneys are a pair of bean shaped organs located on each side of the 

spine below the rib cage at the back of the abdominal cavity. Each kidney is about the size of a 

person’s fist, usually 4-5 inches in length. The word renal is often used when referring to kidney 

related topics. The kidney is encapsulated by a protective layer called the renal capsule. Beneath 

the renal capsule is the renal cortex. The renal medulla is the inner portion of the kidney and is 

organized into several pyramid shaped lobes. The base of the pyramids face the cortex and the 

apex, known as papilla, point toward the pelvis. The renal cortex extends down between the 

pyramid shaped lobes of the renal medulla. The cortex contains the glomeruli and the renal 

tubules; the medulla contains the loops of Henle and collecting tubules. The three basic renal 

processes are glomerular filtration, tubular reabsorption, and tubular secretion. 

 The functional units of the kidneys are called nephrons. Each kidney contains approximately 

one million nephrons that are able to filter the entire five quart water content of the blood every 

45 minutes. The waste that is filtered by the kidney consists of metabolism byproducts (i.e. urea 

and creatinine), excess ions, and excess water. This waste is excreted via urine. There is about 

1.5 liters of waste-carrying urine excreted daily. The remaining blood that has been filtered by 

the nephron is recirculated through the body.  

 At the beginning of a nephron is a glomerulus, which consists of a network of small blood 

vessels called a tuft. The glomerulus is fed unfiltered blood by the afferent arteriole (branch of 
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the renal artery) and the filtered blood exists via the efferent arteriole (Figure 1). The glomerulus 

is encapsulated by a C shaped double walled sac called Bowman’s capsule. The combination of 

the glomerulus and Bowman’s capsule is referred to as a renal corpuscle. The glomerular 

basement membrane (GBM) plays a critical role in glomerular filtration. It is the thick 

extracellular matrix portion of the selectively permeable glomerular filtration barrier (GFB). The 

GBM is mostly made up of collagen IV, laminin (LM-521), nidogen, and heparin sulfate 

proteoglycan (agrin). The kidney is one of the few organs in the body that contains Collagen IV 

α3 chain. The GBM is located between two other layers: the glomerular endothelial cells and the 

podocytes (visceral endothelial cells). Podocytes wrap around glomerular capillaries. Podocytes 

also have foot processes called pedicels that interdigitate with other podocyte foot processes. 

They are joined by a specialized cell-cell junction called a slit diaphragm which allow water and 

small solutes to pass. The glomerular endothelial cells, GBM, and podocyte layers combined are 

permeable to plasma, water, and small solutes but do not allow large proteins to pass. When 

albumin, a large plasma protein, is found in the urine (albuminuria) it is an indicator of GFB 

damage.  
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Figure 1. Kidney and nephron structure (1).  

 

 The water soluble waste from the blood is filtered through the glomerulus by the GBM into 

the Bowman’s capsule and this is the first step of urine formation. This filtration is driven by 

hydrostatic pressure in the glomerular capillaries and is opposed by the hydrostatic pressure in 

the Bowman’s space and osmotic pressure of the proteins in the plasma of the glomerular 

capillaries. The filtrate from the Bowman’s capsule is fed into the proximal convoluted tubule 

which extends outward from the Bowman’s capsule. The proximal convoluted tubule feeds into 

the descending loop of Henle. The first section of the loop of Henle is the descending loop which 

extends down into the medulla and water moves out of the filtrate down its osmotic gradient (due 

to surrounding interstitial fluid being hypertonic relative to the filtrate) which in turn 
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concentrates the filtrate. At the bottom of the descending loop of Henle is a U-shaped turn called 

the nephron loop. At this bend in the loop, the filtrate reaches its highest concentration. After the 

nephron loop, the filtrate begins moving up the ascending loop of Henle and back towards the 

cortex adjacent to where the loop originated. As the filtrate ascends the loop, sodium ions are 

pumped out of the filtrate and chlorine is passively transported out causing a dilution of the 

filtrate. This portion of the loop is not water permeable. The loop of Henle’s main function is to 

reabsorb water in the descending loop, and sodium chloride in the ascending loop. The filtrate 

then moves to the distal convoluted tubule in the renal cortex. Tubular reabsorption rates are very 

high for nutrients, ions, and water, but they are lower for waste products. Multiple tubules join 

and empty into the renal pelvis. The urine then flows through the ureters to the bladder. 

 The formation and excretion of urine allows for the efficient disposal of waste byproducts that 

would otherwise be toxic to the body. Any disruption in this process can cause the build-up of 

toxic wastes or the inability to reabsorb necessary nutrients and water. In healthy individuals, 

proteins are too large to filter through the glomerular capillaries and do not end up in the urine. 

When there is damage to the glomeruli, proteins may pass into the Bowman’s capsule and end up 

in the urine. When protein is present in the urine it is called proteinuria and is a sign of kidney 

damage.  

 The kidney plays an essential role in regulating blood pressure (2). One way it does this is by 

closely regulating sodium and water balance. In healthy individuals, an increase in arterial blood 

pressure increases renal perfusion pressure and increases the amount of sodium and water 

excretion. This process returns blood pressure back to normal by decreasing extracellular fluid. 

Another method the kidney utilizes to control blood pressure is the renin–angiotensin–
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aldosterone system (RAAS). In response to low brood pressure or adverse changes in sodium 

concentration the liver releases angiotensinogen into the circulation. An enzyme called renin is 

secreted by the kidney and cleaves angiotensinogen to form angiotensin 1. Angiotensin 

converting enzyme (ACE) cleaves angiotensin I to angiotensin II. ACE is released in the 

pulmonary circulation as well as the vascular endothelium of other tissues in the body including 

the kidney. The binding of angiotensin II to AT1-R on the surface on endothelial cells and 

impairs nitric oxide (NO; a vasodilator) synthesis. Binding of AT1-R also induces the release of 

aldosterone from adrenal glands. Aldosterone reduces salt retention. This combination results in 

vasoconstriction and an increase in blood pressure. The resulting increase in blood pressure 

decreases the release of renin in the kidney as negative feedback to keep the system in 

homeostasis. An imbalance or disruption in this process can cause hypertension, which is one of 

the leading causes of death in the United States and around the world.  

  

Lupus and lupus nephritis diagnoses 

 The most common form of lupus is Systemic Lupus Erythematosus (SLE). When people talk 

about lupus, they are usually referring to SLE. Although there are three other types of lupus as 

well: 1) Discoid Lupus Erythematosus 2) Subacute Cutaneous Lupus Erythematosus and 3) 

Neonatal Lupus. Discoid lupus gets its name from disc/coin shaped lesions it produces. The 

disease is confined to the skin whereas SLE can affect any part of the body. Subacute cutaneous 

lupus erythematosus causes skin sores when exposed to the sun and is also confined to the skin. 

Neonatal lupus is when the maternal autoantibodies of the Ro/La family are passed down to the 



6 
 

Newborn (3). Only one percent of mothers with these antibodies give birth to newborns with 

neonatal lupus. Usually this form of lupus completely disappears without treatment several 

months after the birth of the newborn although there does remain the possibility of a congenital 

heart block developing. This usually requires a pacemaker for the infant but they can go on to 

live relatively normal lives. 

 A common hallmark of the disease, present in about half of lupus patients, is what is referred 

to as a butterfly rash (also called malar rash). It is a rash across the cheeks and bridge of the nose 

that gets its name due to its butterfly-like shape. Lupus is also usually accompanied by sensitivity 

to light, including ultraviolet light which can cause flare ups. The rashes are a result of 

inflammation and are one of the most visible symptoms of the disease. Other common symptoms 

are fatigue, joint pain, swelling, and fever. Not every person exhibits these symptoms and most 

people have mild symptoms. Symptoms are exacerbated during periods of flare ups, some 

individuals may be symptom-free outside of these times. The two most common causes of death 

in lupus patients are cardiovascular disease and kidney failure. When lupus affects the kidney, it 

is called lupus nephritis (LN). With the advancement of kidney disease treatments such as new 

medications, dialysis, and access to kidney transplants there has been a decrease in kidney failure 

related deaths. 

 Lupus is an autoimmune disease that affects over five million people worldwide (4). This 

number is under-estimated due to the complexity of diagnosing the disease as well as its shared 

symptoms with other diseases. Women in their reproductive years (ages 15-44) make up 90% of 

cases which suggests that the disease is either hormone-related, or X chromosome linked and 
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may be triggered by environmental factors (5). SLE is more prevalent and more severe in 

African, Native American, and Asian populations (6,7,8,9).  

 There is still a lot unknown about lupus which makes the disease more difficult to diagnose 

and treat. Researchers continue to try and understand the mechanism of the disease and potential 

causes. The etiology is not yet well understood but it is known that the body produces antibodies 

to itself and causes a number of health issues as a result. There is no single test available for the 

diagnosis of lupus and the results of currently used methods can vary over time. Currently 

physicians do blood and urine tests and use the results of these and other tests to help diagnose 

lupus. A complete blood count test is usually the first test done and can be used to determine 

white blood cell, red blood cell, or platelet counts. With lupus, it is common to find low levels of 

one or more of these. Another test currently used is an antinuclear antibody (ANA) test. ANA is 

produced by an individual’s own stimulated immune system to attack cellular components 

normally found inside the nucleus of cells and in the process damaging and/or killing its own 

cells. These nuclear contents are exposed at higher levels when proper apoptosis does not occur 

and cells rupture, releasing their contents and leading to the formation of autoantibodies. 

Although antinuclear antibodies (ANA) are present in approximately 95% of lupus patients, 

ANA presence in itself is not a conclusive test since other diseases also present ANA, and about 

31.7% of healthy individuals have ANA present (10,11). Another issue with ANA testing is that 

there can be different results in the same individual over time and different labs can sometimes 

produce different results. Anti-double stranded DNA antibody (anti-dsDNA) tests are also used 

to help diagnose lupus. This test determines antibody levels to double stranded DNA and are 

present in 60-70% of lupus patients (10).  
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 Glomerular filtration rate (GFR) is also looked at when diagnosing LN. GFR measures the 

ability of the kidney to filter the waste in the blood. It provides a measurement of how well the 

kidney is functioning and an insight into how much kidney damage is present. GFR is calculated 

using a formula that compares race, sex, and weight to the persons serum creatinine levels. A 

GFR number under 60 mL/min/1.73 m² indicates there may be kidney disease (12). The lower 

the number, the more damage to the kidney is present and the worse the kidney is functioning. 

This is not a conclusive test but is a good estimate for the health of the kidney although a 

significant amount of kidney damage occurs prior to seeing a drop in GFR below normal range. 

 There are two criteria lists used for diagnosing SLE. In 1997 The American College of 

Rheumatology (ACR) created a list of eleven criteria, of which at least four must be met, to 

classify a disease as Systemic Lupus Erythematosus. The original ACR criteria was revised in 

2019 with the European League Against Rheumatism (EULAR) and can be seen in Table 1. In 

2012, Systemic Lupus International Collaborating Clinics (SLICC) created a list of classification 

criteria listed in Table 2. It requires at least four criteria to be met (at least one clinical and one 

immunologic criteria) or biopsy proven lupus nephritis and positive ANA or anti-dsDNA result. 

The diagnosis of lupus is complicated and usually requires someone who is experienced with the 

disease (rheumatologist or nephrologist). It is not as clear cut as some other diseases and goes 

undiagnosed in many cases. 
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Table 1. EULAR/ACR criteria for SLE diagnosis (2019 revised) (13). 
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Table 2. Systemic Lupus International Collaborating Clinics (SLICC) criteria (14).  

 

 

 Approximately half of lupus patients develop Lupus Nephritis and up to 30% of these LN 

patients develop end stage renal disease (ESRD) which leads to kidney failure and death in most 

cases unless the patient receives a kidney transplant (15). The antibody complexes created from 

the autoimmune response deposit in the glomerular basement membrane of the kidney and 

induce prolonged inflammation which results in irreversible chronic kidney damage. The 

deposition of immune complexes in the GBM also disrupts the proper filtration of the blood by 

the kidney. 

 The clinical diagnosis of LN doesn’t typically occur until significant kidney damage has 

already taken place. This is due to the insensitivity of proteinuria, microalbumin, and glomerular 

filtration rate (GFR) assessments currently used. Many of these measurements are within 

acceptable ranges even in the presence of kidney damage. The healthy nephrons are able to make 

up for some nephron loss/damage by an increase in activity of the remaining nephrons. This can 

mask the presence of kidney damage and delay the presence of changes in GFR, proteinuria, etc 

which delays treatment of the disease. The patient may not exhibit symptoms until significant 

Clinical Criteria Immunologic Criteria
1. Acute cutaneous lupus 1. Anti-nuclear antibodies (ANA)
2. Chronic cutaneous lupus 2. Anti-deoxyribonucleic acid antibodies
3. Oral or nasal ulcers 3. Anti-Smith antibodies
4. Non-scarring alopecia 4. Antiphospholipid antibody
5. Arthritis 5. Low complement (C3, C4, CH50)
6. Serositis 6. Direct Coombs' test (do not count in the 
7. Renal presence of hemolytic anemia)
8. Neurologic
9. Hemolytic anemia
10. Leukopenia
11. Thrombocytopenia (<100,000/mm2)
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kidney damage has occurred as well. During this time, the damage continues to occur going 

unnoticed.  

 Biopsies are often conducted when a specific tissue is thought to be affected. In the case of 

LN, biopsies are commonly used in diagnosis and are the gold standard for LN diagnosis. 

Kidney biopsies are only taken once clinical assessments give justification for doing so, at which 

point chronic kidney damage has already occurred and cannot be reversed. These biopsies are 

invasive and are a health risk for the patient which prevents the ability to perform repetitive 

biopsies to track progression of disease and monitor patient response to treatment. Kidney 

biopsies are small needle punctures of renal tissue and only give a limited glimpse into the 

kidney’s health and may not accurately reflect the overall health of the kidneys. The biopsies are 

examined by a pathologist via light microscope, immunofluorescence, and sometimes electron 

microscope. Kidney damage can be caused by other factors as well which aren’t related to lupus 

so it can complicate the diagnosis. Acute inflammation causes rapid nephron damage but it is 

potentially reversible with immunosuppressive treatment. Chronic lesions on the other hand are 

not reversible with immunosuppressive treatment and lead to chronic renal impairment. The 

number of SLE patients who develop LN may be severely under-estimated due to the 

insensitivity and inaccuracy of current diagnosis methods. 

  Early predictive markers of lupus would greatly benefit disease diagnosis since the 

current markers, such as proteinuria (protein in the urine) levels for lupus nephritis only appear 

in the urine after kidney damage has already occurred. In healthy individuals, no albumin is 

present in urine because it is recirculated in the blood and does not get filtered out by the kidney. 

When albumin is present in urine it is a result of compromised glomerular filtration barrier 
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(GFB). This occurs when the kidney can no longer properly process the blood, allows albumin to 

leak past the GFB, and the protein is then excreted via urine. It is at this point that we are able to 

detect high levels of proteinuria, but the kidney damage has already occurred. Nephron loss is 

hard to detect because the remaining nephrons undergo functional hypertrophy to make up for 

the lost nephrons. This can mask the effects of nephron loss. People lose podocytes throughout 

their lives and the lost podocytes are not replenished. An episode of lupus nephritis early in life 

has significant long-term effects even if treated since the nephrons and podocytes that are 

damaged are not replaced. This increases the chances of end-stage renal disease and a shortened 

lifespan. A chronic case of lupus nephritis untreated could quickly lead to kidney failure and 

cannot be reversed. If an individual suffers end stage renal disease (ESRD) they will need 

dialysis and/or a kidney transplant to survive. If we are able to diagnose and treat earlier, we 

could potentially prevent the kidney damage from occurring. The most convenient way to get an 

idea of kidney health is by examining the content of urine samples. If we are able to discover a 

well characterized diagnostic marker, or panel of markers, in the urine then this would allow the 

gathering of longitudinal data to track LN progress without needing an invasive procedure such 

as kidney biopsies. 

 A non-invasive method to diagnose and track disease progression in LN is needed. A 

diagnosis method that can detect disease onset prior to kidney damage occurring would allow 

treatment to be administered to prevent damage from occurring. Preferably, this method could be 

used repetitively to track disease progression and patient response to treatment which would 

allow for alterations in treatment approach if needed.  
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  There has been a lot of research done to try and find genetic factors that lead to SLE 

development, autoantibody development, or specific clinical characteristics. This would provide 

information on which individuals are predisposed to developing SLE and possibly help prevent 

the onset with specific drugs that could be developed in the future. It also provides information 

on which genetic factors are associated with certain clinical outcomes. Genetic markers that 

predispose SLE patients to LN would be a great asset since LN is one of the most serious 

complications of SLE and has a high mortality rate. It could also provide insight into which 

autoantibodies are most likely to be generated based on the genetic factors. All of these would 

provide beneficial information in diagnosing and treating patients as well as developing 

prognostic markers. 

 There are also environmental factors that may lead to the disease that have not been 

determined yet. Several factors make it difficult to determine what environmental exposures 

could be linked to lupus development. We currently don’t know how long factors would take to 

have an effect on the body. It may take as little as minutes to as long as decades for an exposure 

to take effect. Or the exposure may need to be continuous for an extended period. This makes 

exposure tracking and correlation to disease very difficult. Parks et al recently published a paper 

looking at some possible environmental factors based on historical data (16). They found that 

silica dust exposure, cigarette smoking, and additional estrogen exposure (oral contraceptives 

and postmenopausal hormones, etc.) are the highest linked factors with the onset of SLE. 

Although it will be difficult to make direct correlations between environmental factors and 

disease onset, with more research we can get a better appreciation with which factors are most 
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closely associated with disease. This will allow people who are susceptible to disease to avoid 

certain environmental factors and decrease the likelihood of disease onset. 

 Human leukocyte antigen (HLA) is a very important part of the immune system and most 

likely plays a large role in autoimmune diseases such as SLE. HLA is what the human version of 

major histocompatibility complex (MHC) is called. It encodes cell surface molecules that present 

antigens on the cell surface. Depending on which type of MHC is present, different types of 

lymphocytes bind. Class 1 MHC’s bind to lymphocytes that express CD8 and class 2 MHC’s 

bind to lymphocytes that express CD4. Class 1 MHC’s are present on all nucleated cells whereas 

class 2 MHC’s are only present on antigen presenting cells. The reason why some transplants are 

rejected is because a different type of HLA is present in the host versus the donor. The host sees 

these donor cells as foreign and attacks and kills these cells. This is the reason why HLA typing 

is very important in transplant procedures. It is also why HLA is very important in autoimmune 

disease; when there is a dysfunction in the HLA system, the body can no longer determine self 

vs. foreign cells and begins to attack its own cells. Finding out what causes a dysfunction in the 

HLA system could potentially lead to a cure by preventing the dysfunction from occurring. 

 There have been papers published recently focused on HLA and related genes and their 

correlation with lupus. They found that single nucleotide polymorphisms (SNPs) in CFB, MICB, 

and MSH5 increased the likelihood of developing SLE (17,18). These studies were in European 

populations and northern Han Chinese populations respectively. In another study, they found that 

DRB1 was associated with SLE development but found that DRB3, DRB4, and DRB5 variants 

did not affect the likelihood of developing SLE (19). An issue with many of these studies is that 
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they often focus on a single race. Different races tend to have different presentations of disease 

and different genetic pools. This could largely be due to genetic factors which predispose 

different races to different autoantibody development. Lupus is a blanket term for autoantibodies 

to almost any tissue in the body, so different subpopulations of autoantibodies will present 

differently in the clinic. A larger study that encompasses multiple ethnicities would help find any 

common genetic factors across ethnic groups that may exist. 

 

Disease activity scoring systems 

 Disease activity is tracked by using different disease scoring systems. One commonly used is 

the SLE Disease Activity Index (SLEDAI) (20). Because of the complexity of the disease, the 

scoring systems are also very complex. The SLEDAI score consists of a list of twenty-four items 

that each have a set amount of points associated with them. The score is assessed based on 

whether the manifestations are present within the previous ten days. When you add up all the 

points from the twenty-four items you get the cumulative SLEDAI score. The range goes from 

zero to 105 – the greater the number, the more disease activity is present. Sixteen of the items are 

clinical indications and the remaining eight items are based on laboratory results. The SLEDAI 

test is the test used most frequently in lupus studies and allows tracking of disease over the 

period of the clinical trial. Because it is rated based on the previous ten days it can change 

frequently and sometimes rapidly. A newer SLEDAI scoring system called the SLEDAI-2k  

(Table 3) has been implemented to reflect persistent disease activity (21). The previous SLEDAI 

scoring system was only scored based on initial appearance or recurrence and did not factor in 

persistent disease activity. 
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Table 3. SLEDAI-2k score sheet (21). 
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 Another disease scoring system used is British Isles Lupus Activity Group (BILAG) (22). The 

BILAG scoring system is organ specific. It is an eighty-six question assessment based on scoring 

over the span of a month. The scores given are: 1) improved, 2) the same, 3) worse, and 4) new. 

The results for the specific organ system are tabulated and result in a single score for the organ. 

The overall scores range from A through E. The scores are defined as follows: A) very active 

disease, B) moderate activity, C) mild stable disease, D) resolved activity, and E) organ was 

never involved. 

 Both these scoring systems are regularly used in research when tracking disease activity over 

the course of a clinical trial. This allows an assessment of disease activity over time and gives a 

score to track the effects of treatment. 

 A new scoring system for testing renal activity in LN by Brunner et al has been proposed and 

was developed using forty-seven juvenile SLE patients (23). They named the scoring system the 

Renal Activity Index for Lupus (RAIL). They wanted to come up with a noninvasive test that 

was able to accurately reflect histological information using only lab test data. This would allow 

clinicians to get a good idea of disease activity in patients without needing biopsies. This is the 

kind of scoring system currently not available that we need in order to accurately track disease 

activity without invasive procedures. They looked at the traditional markers for disease as well 

as sixteen urinary biomarkers (UBM’s). The sixteen markers they selected to test using enzyme-

linked immunosorbent assay (ELISA) kits were: neutrophil gelatinase–associated lipocalin 

(NGAL), monocyte chemotactic protein 1 (MCP-1), ceruloplasmin, adiponectin, hemopexin, 

kidney injury molecule 1 (KIM-1), alpha-1-acid glycoprotein (AAG), transforming growth factor 

β (TGFβ), hepcidin, lipocalin-like prostaglandin D synthase (L-PGDS), transferrin, vitamin D 
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binding protein (VDBP), microalbumin, cystatin C, endothelial protein C receptor (EPCR), and 

liver-type fatty acid binding protein 1 (L-FABP). The levels of excreted UBMs were 

standardized using creatinine excretion levels since urine can be excreted in different dilutions. 

The patients all had kidney biopsies prior to treatment and urine sample collection. They used the 

National Institute of Health Activity Index (NIH-AI) to classify high LN activity (>10) versus 

moderate to low LN activity (≤10). The algorithm they came up with was very accurate at 

predicting renal activity using just six biomarkers found in urine. The six markers they found to 

be the most important were NGAL, ceruloplasmin, MCP-1, adiponectin, hemopexin, and KIM-1. 

Each marker was weighted differently. The final algorithm they came up with was RAIL score = 

− 4.29 − 0.34 × NGAL − 0.06 × ceruloplasmin + 0.89 × MCP-1 + 0.18 × adiponectin − 0.65 × 

hemopexin + 0.62 × KIM-1. They were able to determine in the patients that they looked at, they 

could correctly identify 90% of high LN activity patients with a RAIL score of 0.39 or higher. 

The false positive rate was only 14% in this study. 

 There was a follow up study to this in 2017 by Gulati et al aiming to apply the RAIL scoring 

system in a larger adult population (24). They looked at urine from seventy-nine adults made up 

of multiple ethnicities. Unfortunately, the RAIL algorithm Brunner et al came up with in children 

wasn’t very accurate in this studies group of adult individuals. This is not unexpected since 

juvenile SLE presents itself differently than adult SLE. When Gulati et al adjusted the weighting 

of each marker they were able to come up with a differently weighted algorithm using the same 

UBMs that predicted high LN activity well (88% accuracy). Although the weighting changed, 

the fact that the same markers could be used to predict disease activity confirms the importance 

of the markers selected for disease activity. 
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 Although this scoring system seems promising, it still needs to be reproduced in larger cohorts 

and validated. The new studies should look at different ethnicities, age ranges, and include 

healthy individuals as negative controls. If validated it would allow much better disease activity 

monitoring in LN patients without requiring invasive kidney biopsies. The fact that Gulati et al 

had to adjust the weighting suggest that there may have to be at least two different weighted 

algorithms, one for children and one for adults. But larger studies may show that the algorithms 

will have to be weighted for certain subpopulations which would make the algorithm not as 

universal as desired. Future studies may also want to look at more than the sixteen UBM’s that 

Brunner et al originally looked at to see if there are better markers available. The use of 

multiplex testing would allow for more rapid and clinic friendly utilization as well. 

 

Current standard of care and treatment 

 There is currently no cure for lupus or lupus nephritis. The current standard of care is to try to 

manage the disease and prevent flare ups. The patients are usually put on immunosuppressants  

and anti-inflammatory drugs to prevent flare ups and to keep the immune system from producing 

autoantibodies. These drugs have side effects which are unpleasant for the patient. Also, when 

the patient’s immune system is suppressed it leaves them vulnerable to contracting other 

illnesses since the body cannot fight off illness as it normally would. Patients often alter their 

diet and lifestyles to try and prevent flare ups as well. Some patients have flares when exposed to 

ultraviolet (UV) light, so avoiding sun exposure can help reduce flares. When going outside, it is 

recommended that patients wear sunblock and/or long sleeve shirts and pants to protect the 

skin from UV rays. 
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 Current treatment plans generally employ nonspecific drugs that are designed to suppress 

inflammation and the immune system. Patients must avoid going places where there will be other 

people who may be sick because they could easily get sick when their immune system is 

suppressed. Also, wounds must be addressed and cleaned quickly to avoid infection. Ideally, we 

would have a drug that is specific for lupus and would target auto antibody production instead of 

the whole immune system. This is a challenging task considering we do not want to block all 

antibody production, just the ones specific to lupus. Lupus has a wide variety of autoantibodies 

produced and differs from patient to patient. This heterogeneity requires an individualized 

treatment plan on a case by case basis. Once we have biomarkers that allow us to track the 

progression of the disease we can develop drugs more effectively by monitoring these 

biomarkers during treatment. The biomarkers may also end up being targets for drugs or in cases 

where the biomarkers are reduced in disease, the drugs can replenish lower levels. They will also 

give us more insight into disease etiology and pathways that can be targeted for treatment as 

well. 

 One of the most common medications given to lupus patients are non-steroidal anti-

inflammatory (NSAID) medications. This includes over the counter medicines such as ibuprofen, 

aspirin, and naproxen. These not only help with reducing inflammation but they also relieve 

pain. These medicines are available to the patient over the counter and help with symptoms such 

as pain and fever. NSAIDs can also cause stomach irritation so the patient may have to try 

several different kinds before finding one that works for them. Higher dosage NSAIDs are 

available by prescription if the over the counter medications aren’t strong enough. 
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Acetaminophen is also used for pain control but does not have anti-inflammatory properties so it 

does not help with lupus activity.  

 Corticosteroids are commonly given to lupus patients. These are synthetic drugs made to 

mimic endogenous hormones like cortisol. Cortisol is the bodies most potent anti-inflammatory 

hormone and the reason why corticosteroids are used for lupus control. It helps regulate the 

immune system as well as blood pressure. They regulate the immune system by altering the way 

white blood cells function. They reduce inflammation by reducing the amount of cytokines that 

are produced that cause inflammation. Pain and swelling associated with inflammation are 

reduced quickly by corticosteroids by reducing the immune response. Prednisone is the most 

common corticosteroid prescribed but there are options for people with liver problems like 

prednisolone and methylprednisolone. Usually they are taken in pill form but are also available 

in topical form for cutaneous lupus lesions and rashes. For localized inflammation or pain, liquid 

form can be administered by injecting directly into joints or muscles. For longer term results that 

can last up to a few weeks, intravenous (IV) dosing is administered. These large IV doses are 

called pulse doses and can help control flares. There are side effects associated with 

corticosteroids so they are used at the minimum effective dosage level and are tapered off once 

symptoms of lupus have been treated. Some of the side effects include acne, weight gain, 

irritability, insomnia, depression, etc. Long term use causes more severe side effects so it should 

be avoided when possible. An inhibited immune response leaves patients more susceptible to 

infections so great care must be used to clean wounds and prevent infection. Infections are very 

dangerous for lupus patients and are one of the leading causes of death. Another side effect of 
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long term use is avascular necrosis of bone which is very painful and may lead to needing a hip 

replacement. Osteoporosis also occurs and can lead to more bone fractures or breaks. 

 Antimalarial drugs are prescribed to lupus patients in conjunction with corticosteroids because 

it allows lower doses of the steroids to be used while remaining effective. They reduce 

antibody production and also protect against UV light damage. The most frequently prescribed 

antimalarial drugs are hydroxychloroquine and chloroquine. Unlike steroids, antimalarial drugs 

take much longer to influence lupus symptoms. Sometimes it can take months to see an effect. 

Side effects such as irritated stomach are rare with normal use and usually go away once the 

body adjusts to the medication. High dosage over long periods of time can cause visual issues so 

periodic eye exams are recommended. 

 When steroids cannot control lupus symptoms or high steroid dosage is not well tolerated, 

immunosuppressive medicines are used. These leave the patients very vulnerable to infections 

and should be closely monitored. There are several immunosuppressants available and each has 

their own unique side effects. Mycophenolate mofetil is considered standard of care for induction 

and maintenance of lupus nephritis. Cyclophosphamide was originally used as a chemotherapy 

agent for cancer treatment but is now used for lupus treatment as well. Side effects include hair 

loss, bladder issues, and infertility. Methotrexate was also originally used as a chemotherapeutic 

agent but is now used for lupus treatment. It is considered one of the best treatments for arthritis 

and is effective in treating skin lesions in lupus patients. Side effects include nausea, headaches, 

sun sensitivity, mouth sores, and possible liver damage. Azathioprine is another 

immunosuppressive drug used in the treatment of lupus and was originally used to reduce kidney 

transplant rejections. With azathioprine, the dosage of steroids can be reduced and the drug 
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blocks inflammatory pathways in lupus. It can cause pancreatitis so liver tests should be 

performed to monitor live function. 

 Voclosporin is one of only two drugs to be approved specifically for LN (the other is Benlysta 

described later). It was approved by the FDA in January of 2021 and is sold under the brand 

name Lupkynis by Aurinia Pharmaceuticals, Inc. It is a calcineurin inhibitor. Calcineurin 

activates T-cells and produces an inflammatory response. By blocking calcineurin, voclosporin 

prevents T-cells from producing an auto-immune response and reduces inflammation in the 

kidney. Voclosporin is taken as a pill and is used in combination with MMF and steroids which 

are tapered off to reduce the need for high. It’s recent approval gives doctors an added treatment 

option to fight LN. Because it is an immunosuppressant, the risk of infection is increased when 

taking this drug. 

 B cells play a major role in the immune system and can potentially be a good target for drug 

development. B cells are white blood cells called lymphocytes that produce antibodies to foreign 

material. In autoimmune diseases, these B cells don’t function normally and produce antibodies 

against healthy cells. Some drugs are already on the market (not for lupus indications) and some 

drugs are in development to deplete B cells which would reduce auto antibody production but 

this also, in turn, reduces all other antibody production from B cells. This would greatly reduce 

the immune system’s ability to combat foreign antigens as well. Belimumab was the first lupus 

specific drug approved by the FDA in 2011 under the commercial name Benlysta for the 

treatment of SLE and targets B-cell activating factor (BAFF), also known as B lymphocyte 

stimulator (BLyS). The drug was brought to market by a joint effort between Human Genome 

Sciences (HGS) and GlaxoSmithKline (GSK) and was approved on March 9, 2011. B cells need 
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BAFF to survive and not undergo apoptosis. In lupus, BAFF is overexpressed and causes more 

abundant levels of B cells to be present since they undergo apoptosis less frequently. Because 

Belimumab binds BAFF, the B cells undergo apoptosis and no longer produce autoantibodies 

that damage tissues of the host. The clinical trials didn’t show Belimumab being very effective 

(improvement of four points on SLEDAI score) but it was still approved by the FDA (25). 

Belimumab is also quite expensive. This drug helped lead the way for further drug development. 

As mentioned before, depleting the number of B cells does reduce the amount of autoantibodies 

but it also compromises the immune system’s ability to respond to and eliminate foreign 

materials in the body. 

 In July 2017, the FDA approved a new Belimumab formulation that is subcutaneous and 

administered by the patient after being trained to administer it. This self-injection is easier for 

patients since clinic visits are not necessary every month for a one hour IV infusion. Patients can 

self-inject the drug in the comfort of their own home on a weekly basis. This is a great benefit to 

the patients and helps reduce the amount of time needed for treatment allowing the patients to 

lead more normal lives. 

 Another important protein in the regulation of B cells is a proliferation inducing ligand 

(APRIL). Both BAFF and APRIL bind receptors on B cells to promote their survival and 

proliferation. The receptors they bind to on the B cells are B cell maturation agent (BCMA) and 

Tumor Necrosis Factor-Receptor (TNF-R) homolog transmembrane activator and Ca2+ 

modulator and CAML interactor (TACI). This opens several other potential drug targets to 

inhibit B cell proliferation and auto antibody production as a result. With a drug that binds BAFF 

already on the market, a combination therapy blocking APRIL as well could have a synergistic 
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benefit in B cell depletion. Targeting the receptors BCMA and TACI might provide better 

depletion because even if BAFF and APRIL are over produced, they cannot bind the receptors 

and the signaling cascade is blocked. 

 Rituximab was approved by the FDA in 1997 for use in different cancer treatments. It is a 

chimeric monoclonal antibody that targets CD20. CD20 is primarily found on the surface of B 

cells and, when bound by Rituximab, cell death occurs. The result is B cell depletion and the 

reduction of antibody production. This is why Rituximab is used off label for treatment of 

autoimmune diseases. The use of Rituximab also lessens the dosage of corticosteroids needed 

which reduces the associated negative long-term side effects of steroid use. T helper cells are an 

important part of the immune system and gained attention in autoimmune disease research. They 

play a vital role in adaptive immunity by activating B cells and T cells. The activated B cells in 

turn secrete antibodies and macrophages to destroy the invading microbes in the body. They also 

activate cytotoxic T cells to kill cells that have been infected.  

 T regulatory cells (Tregs) are immunosuppressive and downregulate effector T cells. Tregs 

produce soluble messengers such as transforming growth factor β (TGFβ), IL-10, and adenosine 

which have suppressive functions. There are currently two monoclonal antibody drugs that target 

IL-17 or it’s receptor on the market. T helper 17 (Th17) cells produce several proinflammatory 

cytokines such as IL-17 that have been found to be correlated with autoimmune disease activity, 

which makes IL-17 a good candidate to target for treatment. IL-17 binds its receptor IL-17R 

which activates a signaling cascade producing chemokines. These chemokines attract immune 

cells to the site of inflammation. The drug that targets IL-17A is Ixekisumab and was approved 

by the FDA in March of 2016 for treatment of plaque psoriasis. It has been used off label for 
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lupus treatment as well since it blocks the pro-inflammatory cytokine IL-17A from binding to its 

receptor and reduces inflammation. Minimal side effects were observed, but infection rates 

reported were slightly increased in patients taking Ixekisumab versus placebo. 

 There are several different forms of IL-17 (A-F) and there are several receptors they can 

bind to (IL-17RA-RE). The drug that targets the IL-17A receptor is Brodalumab. It blocks 

the IL-17A signaling but does so by blocking the receptor as opposed to binding IL-17A directly. 

Although both drugs block the same pathway, there were concerns over an increased risk of 

suicide in patients receiving Brodalumab. This is unexpected since both drugs target the same 

pathway. Because of these concerns, Amgen pulled out of co-developing the drug with Astra 

Zeneca. Astra Zeneca later partnered with Valeant Pharmaceuticals to develop and market the 

drug. The drug was approved by the FDA for plaque psoriasis treatment in March of 2017. A 

combination of both drugs may provide a more robust knockdown of the IL-17A signaling and 

reduce disease activity by reducing inflammation in lupus patients. 

 A major life-threatening complication associated with lupus is blood clot formation. Some 

lupus patients develop auto antibodies against phospholipids which causes formation of 

blood clots. These antibodies are called antiphospholipid antibodies. To prevent blood clots from 

forming, blood thinners are used. Low doses of aspirin can be used or prescription drugs such as 

heparin or warfarin. Dosage should be carefully monitored to avoid excessive blood thinning. 

   

Potential biomarkers and drug targets 

 More research needs to be conducted to gain a greater understanding of the disease causes and 

its progression. Predictive and diagnostic biomarkers would be very beneficial in the clinic. A 
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biomarker in the blood or urine would allow physicians to monitor the progress of the disease 

and make necessary changes, if needed, without invasive procedures. It would also allow better 

development of drugs by being able to monitor the levels of the markers and seeing how 

different drugs/dosing affect them. Proteinuria levels are currently used as a marker of disease 

but this is an insensitive marker and isn’t a specific marker for LN since kidney damage from 

other causes would also develop proteinuria. We need marker(s) that are detectable earlier in 

disease onset and prior to nephron damage occurring so that we can prevent it from happening 

with proper treatment. In order to do so we need to conduct longitudinal studies that monitor 

many different markers in blood and urine and correlate these data with the clinical data. Kidney 

biopsy data would be useful as well but not feasible to collect repeatedly due to its invasive 

nature. Ideally the data from a study like this would provide a list of potential biomarkers that 

could be used for prognosis and/or diagnosis of the disease. This would be revolutionary for the 

treatment of lupus and help millions of people lead healthier lives. 

 There has been an emphasis on finding markers for lupus recently to find early predictive 

markers or diagnostic markers that would allow better treatment or disease prevention. Several 

papers have been published that look at different biomarkers and a few potential candidates have 

been identified. Most of these papers either use previously collected data or cross-sectional data 

for their findings. This is helpful but to see how the markers are altered over time, longitudinal 

studies would be beneficial to provide the ability to correlate changes in biomarker concentration 

with clinical progression. Lupus involves complex interactions and there is still much to learn 

about what triggers the disease and what causes its progression. Ultimately, this may also lead to 

better treatment as well as possibly preventing disease onset in those with elevated risk. 
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 In order to better understand lupus and potential biomarkers or drugs it is important to 

understand the causes and how the disease develops. The immune system is very complex. 

Cytokines have been a target of research in autoimmune diseases since they regulate immune 

response to most antigenic stimuli. There was a lot of effort put into studying cytokines and 

trying to figure out which ones were most important in autoimmune diseases and what their roles 

were. The results of these studies were often contradictory and there was no clear pathway or 

hypothesis that resulted from them. 

 Mossman et al hypothesized that Th1 cells and Th2 cells are responsible for different 

types of disease and produce distinct cytokines (26). They said that Th1 cells and their cytokines 

induce cell mediated autoimmune diseases whereas Th2 cells and their cytokines induce 

humorally mediated autoimmune diseases. This would mean that a specific cell type was 

responsible for different diseases and one cell type could not cause two different diseases. Th1 

cells secrete cytokines IL-2, interferon gamma (IFNγ), and TNFβ and are responsible for 

protecting against intracellular pathogens. Th2 cells secrete cytokines IL-4, IL-5, IL-10, and IL- 

13 and are responsible for protecting against extracellular pathogens. The differential expression 

of cytokines by the Th cells support Mossman’s hypothesis. It is now known that M1 and M2 

macrophages have distinct pathways and distinct functions from one another. M1 macrophages 

are associated with killing pathogens and M2 macrophages are more associated with wound 

healing (27).   

 The focus shifted to IFNγ specifically and its role in autoimmune diseases. IFNγ plays an 

important role in immunity. It is a class II interferon and when it homodimerizes it binds to the 

interferon gamma receptor which causes a response to viral and bacterial infections. There have 
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been several studies that have shown elevated levels of IFNγ in individuals with lupus, especially 

during periods of active disease (28). This would suggest that IFNγ plays a role in lupus and that 

targeting it for treatment could provide potential treatment options. It could also potentially be 

used as a diagnostic marker. 

 There have been mouse model studies which also show elevated levels of IFNγ. Several 

follow up studies have been conducted in mice showing that blocking of IFNγ helped delay onset 

of disease whereas administering IFNγ accelerated and exacerbated disease (29). Because of 

these findings, IFNγ has become a target for drug development by pharmaceutical and 

biotechnology companies. The downside to IFNγ treatment would be the suppression of the 

immune system as well. This is a common side effect with drugs that target molecules in the 

immune system and should be taken into consideration. 

 A human monoclonal antibody to type I interferon receptor subunit 1, anifrolumab, was 

developed and tested in two double-blind phase three 52 week clinical trials (TULIP-1 and 

TULIP-2) by AstraZeneca (30,31). This antibody inhibits the type I interferon signaling pathway 

by blocking their ability to bind the receptor. The first phase 3 trial, (TULIP-1), failed to meet 

primary end point but did meet several secondary endpoints. In the TULIP-2 trial, 180 SLE 

patients received 300mg IV doses of anifrolumab every four weeks and 182 SLE patients 

received placebo IV doses every four weeks for a total of 48 weeks. The primary end point of the 

study was the difference between the percentage of treated and placebo groups who had a British 

Isles Lupus Assessment Group (BILAG)–based Composite Lupus Assessment (BICLA) 

response at 52 weeks. The BICLA response was defined as all of the following: a reduction of all 

severe (BILAG-2004 A) or moderately severe (BILAG-2004 B) disease activity at baseline to 
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lower levels (BILAG-2004 B, C, or D and C or D, respectively) and no worsening in other organ 

systems (with worsening defined as ≥1 new BILAG-2004 A item or ≥2 new BILAG-2004 B 

items); no worsening in disease activity, as determined by the SLEDAI-2K score (no increase 

from baseline) and by the PGA score (no increase of ≥0.3 points from baseline); no 

discontinuation of the trial intervention; and no use of restricted medications beyond protocol-

allowed thresholds. 

 As seen in figure 2 , 47.8% of the anifrolumab treated arm of the study had a BICLA response 

at week 52 versus 31.5% of the placebo group (P=0.001) . This statistically significant difference 

between the groups shows the potential of anifrolumab in treating SLE and the importance of the 

interferon signaling pathway in disease progression. TULIP-1 failed to meet primary endpoint 

which was a change in SLE responder index-4 (SRI-4) but it did meet secondary endpoints 

including changes in BICLA. The BICLA is based off of the BILAG-2004 criteria whereas the 

SRI-4 is based off of the SLEDAI score. The BICLA requires  clinically meaningful 

improvement across all organ systems with moderate to severe disease activity at baseline 

whereas the SRI-4 requires a complete response in some, but not all manifestations to register a 

change. TULIP-2 met its primary end point using change in BICLA and also showed effect on 

SRI-4 which was a secondary endpoint.  
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Figure 2. Anifrolumab vs placebo BICLA response over 52 week TULIP-2 trial (31). 

 

 The complement system is part of the innate immune system which does not change over the 

course of an individual’s lifespan. When the complement system is activated, a cascade results 

which stimulates phagocytes to clear the body of foreign microbes and damaged cells. 

Complements promote inflammation and are an important part of the immune system. 

Complement component C3 (C3) and complement component 4 (C4) levels are currently used as 

one of the biomarkers to help diagnose lupus (32,33). Low serum levels of C3 and C4 have been 

shown to correlate with disease. C4 levels have been found to correlate with antibody mediated 

tissue injury. Studies have shown elevated levels of erythrocyte bound C4d (E-C4d) in SLE 

patients correlated well with clinical progression. Increased serum levels of cell-bound 

complement activation products may more accurately reflect disease activity than conventional 

serum C3 and C4 monitoring. 
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 A marker that is a result of cleavage of M2 macrophage receptor CD163, soluble CD163, has 

been reported by several studies to be elevated in active LN. Most recently, a paper published in 

2020 by Mejia-Vilet at al showed correlations between urinary sCD163 and LN disease activity 

(34). One cross sectional cohort conducted in Ohio made up of mostly white and black patients 

and a second cross sectional cohort consisting of all Mexican Mestizo patients had urinary 

CD163 concentrations (normalized via creatinine) measured via ELISA (DuoSet DY1607; R&D 

systems, Minneapolis, MN). Urinary CD163 was also measured in healthy (KD), inactive SLE 

(iSLE), active extrarenal systemic manifestations of SLE (sSLE),  primary membranous 

nephropathy (MN), Focal Segmental Glomerulosclerosis (FSGS), antineutrophil cytoplasmic 

antibody (ANCA)-associated nephritis (AAV), and IgA nephropathy (IgAN) collected at the 

time of diagnostic kidney biopsy. The highest concentrations of uCD163 were found in the 

active LN cohorts in Mexico and Ohio (Figure 3). KD, iSLE, and sSLE had significantly lower 

uCD163 in a comparison to the active LN groups. Other kidney diseases did show elevated 

concentrations of CD163 but the active LN group was still significantly higher. Corticosteroid 

treatment dosing did not seem to affect the results significantly. 
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Figure 3. Urinary CD163 concentrations measured in varying cohorts and corticosteroid 
treatments. 
 
 
 There was also longitudinal samples collected from patients from both locations as well. The 

cohort in Mexico City had urine collected at the time of flare, 3 months, 6 months, and 12 

months post flare whereas the cohort in Ohio had urine collected 6 months prior to flare, at time 

of flare, 6 months, and 12 months post flare. Urinary CD163 concentrations were at their highest 

at the time of flare in both cohorts (Figure 4). In the Ohio cohort, pre flare timepoints showed 

low concentrations of urinary CD163. Complete responders showed the highest decrease in 

urinary CD163 post flare, followed by partial responders, and lastly non responders. This data 

supports the correlation between LN activity and urinary CD163 concentrations. 
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Figure 4. Longitudinal assessments of urinary CD163. A. Mexico City cohort B. Ohio cohort. 

 

 In 2017 Krebs et al published a paper focusing on T helper 17 (Th17) and its role in immune 

mediated glomerular disease (35). CD4+ T cells are important in normal immune function and 

help prevent foreign microorganisms from invading the body but they also play a major role 

in inflammation and tissue damage. Th17 cells produce transcription factor RORγt, 

proinflammatory cytokines IL-17A, IL-17F, IL22, and cytokine C-C motif chemokine receptor 6 

(CCR6). Th17 cells are a potential therapeutic target for immune related kidney diseases. They 

found that IL-17 levels correlate with disease activity in patients with autoimmune kidney 

disease and also found that they were abundant in kidneys of the diseased compared to normal 

individuals. A drug that inhibits the production of Th17 cells or its ability to secrete IL-17 has 

the potential of blocking or mitigating disease and the reason why drugs were developed against 
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IL-17 and its receptor (Ixekisumab and Brodalumab respectively). Although inhibiting Th17 

cells could also potentially compromise the immune system of the patient, it is more focused 

than an overall immunosuppressive drug and may not cause as much immune suppression. This 

would have to be studied more in depth now that the drugs are on the market to get a better 

understanding. Ixekisumab was approved by the FDA and targets a key molecule in the Th17 

pathway (IL-17) for psoriasis and has been effective without many side effects which would 

suggest that the drug would also be well tolerated in lupus patients. 

 Interleukin 22 (IL-22) is a cytokine involved in inflammatory response. Its function is 

regulated by a soluble inhibitory receptor IL-22 binding protein (IL-22BP). Since inflammation 

is one of the main hallmarks of autoimmune disease, the levels of IL-22 and/or IL-22BP may 

correlate well with disease activity. IL-22BP levels were studied by Yang et al in a study 

containing 112 SLE patients and 20 healthy controls (36). The SLE patients were divided into 

four groups: “27 consecutive patients with active lupus and renal involvement (Active Renal 

Disease), thirty patients with active lupus but no renal involvement (Active But No Renal 

Disease), 25 patients with a history of LN whose disease became quiescent for at least 6 months 

after treatment (Renal Disease in Remission), and 30 patients without systemic disease activity 

and with no history of renal disease (Neither Active Nor Renal Disease).” They looked at both 

urinary and serum levels of IL-22 and IL-22BP using commercially available ELISA’s. They 

also evaluated SLICC renal activity scores. The results showed significantly higher urine levels 

of IL-22BP in SLE patients with active renal disease compared to the other groups of SLE and 

healthy controls (P < 0.001; Figure 2). There were also significantly decreased urine levels of IL- 

22 observed in the active renal disease group versus others (P = 0.001). There was no correlation 
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found between IL22-BP levels in urine versus serum. There was also no correlation found 

between serum IL-22 levels and serum IL-22BP levels. Urinary levels of IL-22 were too low to 

detect. The data for IL22-BP in urine suggest that it could possibly be used as a marker for 

disease. 

 A follow up study published in late 2017 by Badr et al looked at IL-22BP levels in 

Egyptian children with juvenile systemic lupus erythematosus (JSLE) and LN (37). The cross-

sectional study consisted of fifty-one JSLE patients and thirty-one age and sex matched healthy 

controls. IL-22BP levels were measured in serum using an ELISA kit. The results agreed with 

what was found in the previously mentioned paper. Urinary IL-22BP levels were found to be 

significantly higher in JSLE patients compared to healthy controls (4.13 +/- 1.10 versus 1.63 +/- 

0.61, P < 0.001). They also found that JSLE patients with active LN had significantly higher 

levels of IL-22BP when compared to JSLE patients without LN (5.47 +/- 1.03 versus 4.23 +/- 

0.72, p < 0.001). Because this data is consistent with previously mentioned data, it is likely that 

IL-22BP levels in urine could be used as a biomarker. Despite these people being in completely 

different disease populations and ages, the results remained similar. IL-22BP urine levels may be 

a common marker across many different populations but more studies need to be conducted to 

gather more information. A longitudinal clinical study with time course urine samples would tell 

if the IL-22BP levels correlate well with clinical disease activity as well as other parameters such 

as SLEDAI score or anti-dsDNA levels. 

 Another promising biomarker for LN is renalase. Renalase is a monoamine oxidase that can 

be released into the blood by the kidney. It has been shown to control blood pressure, a major 

comorbidity of LN is hypertension. Qi et al looked at serum renalase levels as well as serum 
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albumin, anti-dsDNA, C3 and C4 complement levels (38). Sixty-seven LN patients and thirty-

five healthy control patient were selected and paired by age and gender to the LN cohort. 

Renalase levels in serum were measured using a commercial ELISA kit. The levels of renalase in 

SLE patients were significantly higher than those of the healthy individuals (72.95 +/- 353.36 

versus 39.80 +/- 14.63 μg/mL, P < 0.001). There was almost a two-fold difference observed. The 

serum albumin, complement C3, and C4 levels were significantly lower in LN patients compared 

to healthy individuals. This is consistent with findings published previously. The levels of anti-

dsDNA were elevated in LN which is also consistent with previous literature. They then divided 

the LN patients into two subsets, proliferative LN and class V LN. 

 There was a significant elevation of renalase serum levels found in proliferative LN patients 

versus class V LN patients (75.85 +/- 36.01 versus 46.28 +/- 14.10 μg/mL, P = 0.001). The 

ability to distinguish between proliferative LN and class V LN based on renalase is impressive 

considering all the other markers showed no significant difference besides the anti-dsDNA also 

being elevated in proliferative LN. The fifty-nine proliferative LN patients were then divided 

into two subsets based on SLEDAI score. LN patients with a SLEDAI score of eight or greater 

were considered active LN while those with a score lower than eight were considered inactive 

LN. Serum renalase levels were significantly higher in patients with active LN compared to 

inactive LN. They found a significant difference between the groups with elevated levels of 

renalase in serum in the active LN group. (95.40 +/- 33.84 versus 52.69 +/- 22.37 μg/mL, P < 

0.001; Figure 5). The levels of serum albumin and complement C3 and C4 levels were found to 

be significantly lower in the patients who had active LN versus the inactive group. As expected, 

the anti-dsDNA levels were significantly higher in the active LN group. 
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Figure 5. Serum renalase concentrations in active vs inactive lupus nephritis. 

 

 The effect of treatment on serum renalase levels in seventeen LN patients was then observed. 

These seventeen LN patients were treated with prednisone and immunosuppressive therapy for 

six months. Blood samples were taken before and after treatment and renalase concentrations 

were determined. Serum renalase levels were significantly decreased after treatment (82.84 +/- 

28.72 versus 63.16 +/- 25.81 μg/mL, P = 0.001). Decrease in SLEDAI score and anti-dsDNA 

was also observed. This suggests that renalase can be used as a good indicator of disease activity 

and progression. It would have been helpful to see multiple time points along the six-month 

period in order to determine the rate at which the treatment affects the renalase levels. The data 

supports further investigation into renalase and its possible use as a biomarker for disease 

progression (39,40,41). 
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 An anti-human CD19 monoclonal antibody called Uplinza (Inebilizumab; Viela Bio) has been 

approved by the FDA for neuromyelitis optica spectrum disorder (NMOSD) patients that have 

antibodies to anti-aquaporin-4 (AQP4). The drug targets B cell depletion and, in turn, 

autoantibody production. CD19 is a surface marker found on B cells and is used to specifically 

target and kill B cells. B cell depletion could potentially reduce autoantibody production in lupus 

patients. Papers published by Gallagher et al, explored MEDI-551 (Inebilizumab) administration 

in Sle1.hCD19-Tg mice via intravenous dosing and its effect on B cells, antibody secreting cells 

(ASCs), serum autoantibody, and total immunoglobulin levels (42,43). These mice have the Sle1 

lupus susceptibility locus of NZM2410 and have human CD19 (transgenic). These mice have 

high autoantibody levels and highly activated B and T cells which make them ideal murine 

models for studying autoimmune disease. Human transgenic mice were used due to MEDI-551 

not cross reacting with murine CD19. Single dose versus biweekly dosing over a twelve-week 

period were compared. MEDI-551 was able to produce a sustained B cell depletion throughout 

the twelve-week study. A reduction of over ninety percent of IgG and IgM ASCs frequency in 

the spleen was observed. Reduction of forty to eighty percent of levels of autoantibodies specific 

for dsDNA as well as antihistone and antinuclear antibodies were observed while keeping the 

amount of total immunoglobulins the same. This study showed that MEDI-551 was able to 

deplete B cell levels and reduce autoantibodies that are the main drivers of autoimmune disease. 

MEDI-551 could potentially be a good treatment for autoimmune diseases such as lupus. 

Another possibility would be to administer both Rituximab and Inebilizumab in combination to 

reduce B cell populations even further. This would allow targeting both CD19 and CD20 on B 
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cells and may have a synergistic effect. Other combinations of treatments could also be 

considered. 

 Some other urinary markers that show some promise were discussed in the RAIL algorithm 

previously. Of the sixteen analytes examined, six were used to develop an algorithm for 

determining disease activity. This approach shows that a combination of markers may be more 

useful than looking at a single analyte by itself. One that may be of interest but was left out of 

the final six markers selected in RAIL is TGFβ. In the RAIL paper, a significant difference (p = 

0.013) in levels of TGFβ in high LN activity vs moderate/low LN activity was observed (23). 

There have been other studies that have shown similar findings as well (44). 

 Another urinary marker that has potential is TNF-like weak inducer of apoptosis 

(TWEAK). It signals an increase of cytokines, chemokines, and pro-inflammatory factors while 

also increasing apoptosis. It also controls several factors that have been associated with LN 

activity (MCP-1, IP10 etc) which makes it an even better candidate for use as a urinary 

biomarker. There was a study by Schwartz et al done showing that patients with active LN had 

significantly higher urinary TWEAK levels than inactive (P=0.001) and also showed high 

correlation between uTWEAK levels and SLEDAI scores (P<0.001) (45). These findings 

warrant further investigation into possibly using uTWEAK levels as a biomarker. 

 There are many potential biomarkers that can be used to track LN disease activity without the 

need for invasive kidney biopsies. Many studies have shown correlations between individual 

markers and disease, sometimes these results are refuted by other studies. Mass spectrometry is a 

common method used for biomarker exploration but advances in high throughout, sensitive 

multiplex platforms allow for more efficient biomarker discovery and higher clinical utility once 
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markers are identified. Due to the complexity of disease, a multi analyte approach may provide 

the best results for tracking disease activity and progression. Some of the resulting biomarkers 

could potentially be used as drug targets. Our hypothesis is that examination of large panels of 

biomarkers via high throughput multiplex assays may provide an algorithm consisting of novel 

combinations of biomarkers to predict LN disease activity and chronicity.  
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Chapter II: Development of novel algorithms to characterize lupus nephritis (LN) renal 
activity and chronicity using urine proteomics 

 

Introduction 

 Assessing renal activity and chronicity in LN patients is essential to understanding the extent 

of damage to the kidney and what course of treatment would be best for the patient. The current 

gold standard to determine the activity and chronicity of the kidney in LN patients is by 

assessing kidney needle biopsy tissue. This is an invasive procedure that requires clinical 

justification and cannot be repetitively performed to track patient treatment response and disease 

progression. National Institute of Health Activity Index (NIH-AI) and National Institute of 

Health Chronicity Index (NIH-CI) are used to determine the extent of inflammation and chronic 

damage respectively using histopathological analysis of needle kidney biopsy tissue. Each index 

score is calculated by the sum of multiple individual indices (Table 4). 

 A non-invasive method to assess activity and chronicity data would allow for better tracking 

of disease progression and patient treatment response. We evaluated the utilization of the widely 

available, high throughput, bead based Luminex platform for multiplex analysis of urine 

proteomics to define limited sets of baseline markers correlating with LN histopathology results 

assessed by the NIH-AI and NIH-CI Indices. We developed novel algorithms to characterize 

patients into high and low subgroups. Longitudinal urine samples were used as surrogates to 

monitor the disease indices over time.   
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Table 4. NIH activity and chronicity indices calculations 

  

 

Methods 

Methodology for histopathological analysis 

 Patients were recruited from Emory University Hospital, Grady Memorial Hospital, and 

Emory University Hospital Midtown in Atlanta, Georgia USA. All patients were treated 

according to the physicians’ discretion throughout the study. Ethical approval was granted by the 

Emory University Institutional Review Board and the Grady Research Oversight Committee. All 

patients enrolled in the study provided written informed consent. Baseline urine samples were 

collected from 42 LN patients who visited the Emory clinics after a lupus flare. Baseline LN 

needle core biopsies were also collected from the patients and analyzed by a single expert 

pathologist for NIH-AI and NIH-CI to minimize variability between analysts. Additional LN 

urine samples were collected over the course of one year. Baseline serum and urine samples were 

collected from Non-LN renal disease (BC), SLE, and healthy patients. These individuals were 

not tracked longitudinally. LN (88.1%) and SLE (100%) study cohorts largely consist of Black 

or African Americans (Table 5).  

 

 

NIH Activity Index Score
Cellular Proliferation 0-3
Fibrinoid necrosis, karyorrhexis (0-3) x 2
Cellular crescents (0-3) x 2
Hyaline thrombi, wire loops 0-3
Leukocyte infiltration 0-3
Interstitial mononuclear cell infiltration 0-3
Total Score = __/24

NIH Chronicity Index Score
Glomerulosclerosis 0-3
Fibrous crescents 0-3
Interstitial fibrosis 0-3
Tubular atrophy 0-3
Total Score = __/12
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Table 5. Patient demographics 

 

 

Methodology for collecting needle kidney biopsy tissue 

 Needle kidney biopsies were taken from LN and BC patients by a nephrologist at baseline in 

the study (taken at Emory University clinics). Patients exhibited medical justification for the 

procedure and the procedure was performed for kidney health determination. This is an invasive 

procedure and has associated risks including pain and bleeding. An ultrasound probe is used to 

determine where to insert the needle to obtain a kidney biopsy. Once the insertion location is 

determined, a small incision is made and the ultrasound instrument is used to guide the spring 

loaded needle to obtain a puncture of the kidney tissue. Several needle biopsy cores are 

collected. These cores are sliced and placed on slides for examination under a microscope by an 

experienced pathologist to determine the presence, extent, and localization of the kidney damage. 
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Bead based Luminex platform for multiplex analysis of urine proteomics 

 Luminex technology is a high throughput immunoassay multiplex platform that utilizes 

magnetic fluorescent beads coupled with antibodies to the analyte of interest. Differing ratios of 

fluorescent dyes are used to determine the identity of the antibody coupled beads, referred to as 

the bead regions. It is necessary to determine which analyte of interest is being measured since 

multiple antibody coupled beads for varying analytes will be in any given sample for each 

multiplex assay. This allows for accurate quantitation of up to a maximum of 500 analytes on the 

FlexMap 3D instrument.  

 The diluted samples (varying abundance of analyte in samples and varying assay ranges 

require different dilutions depending on the multiplex being used) are incubated with the 

antibody coupled beads on a 96 well plate. The analytes of interest in the sample will be bound 

by the antibodies on the magnetic beads. After sample incubation, the plates are washed on a 

magnetic plate holder to remove any unbound material (The magnetic plate prevents the loss of 

beads during washing). A cocktail of biotinylated antibodies to the analytes of interest are then 

added to form an antibody sandwich coupled to the beads. After incubation of the detection 

antibodies, the plate is washed again on a magnetic plate. Phycoerythrin (PE)-conjugated 

streptavidin is then added to bind the biotinylated detection antibodies. The plate is washed again 

and wash buffer is added to the wells to resuspend the beads and the plate is placed on the 

instrument to read. The sample is run through the instrument in a small chamber much like a 

flow cytometer. A red laser is used to identify the bead identity/region and therefore the analyte 

being measured. A green laser is used to quantitate the amount of PE on the bead which is 
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proportional to the amount of analyte bound. This is how the instrument can measure multiple 

analytes in a single sample and is more efficient than running multiple single analyte ELISA’s. 

 Urine samples were initially screened using the Myriad Rules Based Medicine (MRBM; 

Austin, Texas) Discovery Multi Analyte Panel (MAP) due to its large panel of 272 analytes. This 

panel is made up of multiple smaller Luminex multiplexes. MRBM utilizes automation for 

multiple Luminex 100 instruments to run several multiplexes simultaneously and pool the 

resulting data from the instruments. The urine results were normalized using creatinine 

concentrations. The low sample volume requirement and high throughput of Luminex 

technology makes it suitable for biomarker discovery. This method has been used for many years 

with serum/plasma analytes but rarely used with urine.  

 

Ultra-sensitive Quanterix Simoa platform 

 Eight analytes that were known to be in low abundance and relevant to lupus based on 

literature were run on the ultra-sensitive Quanterix Simoa platform. The simoa platform also 

utilizes antibody coupled magnetic beads to bind the analyte of interest. Analyte specific 

biotinylated detection antibodies are then added to the mixture to form the antibody complex on 

the bead. Streptavidin β galactosidase is added which binds to biotinylated detector antibodies 

and resorufin β-D-galactopyranoside is used as the fluorescence substrate. At low concentrations 

of target protein, Poisson distribution indicates that the beads would have either one or no 

immunocomplex on them. The fluorophores generated by each enzyme would not be detectable 

using traditional detection methods as the fluorophore signal diffuses in the large assay volume. 

In the simoa assay, by loading beads into an array of 216,000 femtoliter sized wells, extremely 
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small volumes are used (~50 fL) and the fluorophore signal does not diffuse. Time lapsed images 

are then taken of the wells and make it possible to distinguish wells containing beads with 

enzyme molecules versus wells with beads that do not have bound enzyme. The concentration of 

analyte is determined by dividing the number of wells that contain a bead with enzyme to the 

total number of wells containing beads (AEB- average enzymes per bead). This allows for ultra-

sensitive detection of analytes of interest and is referred to as a digital immunoassay. The 

analytes that were run on SIMOA were interferon α, interferon β, interferon γ, IL-1β, IL-2, IL-6, 

IL-10, and IL-17A.  

 

Statistical analysis 

Stepwise regression and single variable regression results (p < 0.05) were used to limit 

the possible candidate urine biomarkers and create pools of analytes for the final algorithm 

selection. A multivariate logistic regression model (MLRM) was applied to the determined pools 

of markers. Selection criteria for biomarkers were p values < 0.05, high area under the curve, and 

a low misclassification rate. Receiver operating characteristic curves based on cross-validations 

evaluated the predictiveness of selected biomarkers (Figure 3). 

 

Results 

 The MRBM Discovery MAP (272 analytes) and the Quanterix SIMOA (8 analytes) were used 

to screen nine commercial LN urine samples to assess robustness and detectability of the 

analytes in the samples. The Discovery MAP is made up of several multiplex panels. All urine 

results were normalized using creatinine concentrations. To examine dilutional linearity, nine 



48 
 

commercial LN urine samples were serially diluted 1:2 and back-calculated to the minimum 

required dilution (MRD) for each analyte. For an analyte to “pass” linearity testing, the back-

calculated concentration of 50% of the diluted samples must recover within an average of +/- 

30% of the MRD dilution concentration. Analytes that had less than three individuals pass 

linearity testing were excluded from further testing unless they were part of the multiplex panel 

for analytes that did pass linearity. Analytes that were undetectable were also removed from 

future testing. The number of analytes tested was reduced based on this analysis and all the urine 

samples collected in the study were tested for the selected analytes. The analytes are run in 

multiplexes and some additional analytes that did not pass our dilutional linearity testing were 

included in the sample testing as a result. 

 Cutoff values for NIH-AI and NIH-CI were determined based on discussions with expert 

nephrologists and are in line with published literature such as Dr. Brunner’s RAIL (23). NIH-AI 

was classified as high if  > 8; NIH-CI was classified as high if  > 4. The number of potential 

analytes used in the algorithms was reduced using stepwise regression and single variable 

regression analyses. This narrowed the pool of analytes to 35 for NIH-AI and 36 for NIH-CI 

(Table 6). These remaining analytes were analyzed using multivariate logistic regression models 

to develop the predictive algorithms. Low misclassification rate, p values < 0.05, and high area 

under the curve (AUC) were used as selection criteria for biomarkers. 
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Table 6. Pools of analytes for NIH-AI and NIH-CI determined by stepwise regression and 
single variable regression analysis 
 

NIHAI NIHCI 
6Ckine Adrenomedullin (ADM) 

Adrenomedullin (ADM) Angiogenin 

Adiponectin Apolipoprotein H (Apo H) 

Antileukoproteinase (ALP) AXL Receptor Tyrosine Kinase (AXL) 

Antithrombin-III (AT-III) Beta-2-Microglobulin (B2M) 

Apolipoprotein B (Apo B) C-C motif chemokine 15 (CCL15) 

B cell-activating factor (BAFF) CD 40 antigen (CD40) 

Cathepsin D E-Selectin 

CD163 Eotaxin-2 

Dopamine beta-hydroxylase (DBH) Erythropoietin (EPO) 

EN-RAGE 
Fatty Acid-Binding Protein, adipocyte (FABP, 
adipocyte) 

Eotaxin-2 Fetuin-A 

Fatty Acid-Binding Protein, liver (FABP, liver) Follicle-Stimulating Hormone (FSH) 

Ferritin (FRTN) Galectin-3 

Fetuin-A Growth-Regulated alpha protein (GRO-alpha) 

Growth/differentiation factor 15 (GDF-15) Hemopexin 
Insulin-like Growth Factor-Binding Protein 2 
(IGFBP-2) 

Hepatocyte Growth Factor (HGF) 

Interleukin-1 alpha (IL-1 alpha) 
Interferon-inducible T-cell alpha chemoattractant 
(ITAC) 

Kidney Injury Molecule-1 (KIM-1) Interleukin-1 beta Simoa (IL-1 beta Simoa) 

Latency-Associated Peptide of Transforming 
Growth Factor beta 1 (LAP TGF-b1) 

Interleukin-1 receptor antagonist (IL-1ra) 

Macrophage Migration Inhibitory Factor (MIF) Interleukin-6 receptor subunit beta (IL-6R beta) 

Mast/stem cell growth factor receptor (SCFR) Interleukin-8 (IL-8) 

Monocyte Chemotactic Protein 1 (MCP-1) 
Latency-Associated Peptide of Transforming 
Growth Factor beta 1 (LAP TGF-b1) 

Myoglobin Luteinizing Hormone (LH) 

Osteoprotegerin (OPG) Macrophage Migration Inhibitory Factor (MIF) 

Pepsinogen I (PGI) Myeloperoxidase (MPO) 

Serotransferrin (Transferrin) Myoglobin 

ST2 Osteocalcin 

Stromal cell-derived factor-1 (SDF-1) Osteoprotegerin (OPG) 

Superoxide Dismutase 1, soluble (SOD-1) Pancreatic Polypeptide (PPP) 

Tissue Inhibitor of Metalloproteinases 1 (TIMP-1) Protein DJ-1 (DJ-1) 
Tyrosine kinase with Ig and EGF homology domains 
2 (TIE-2) 

Pulmonary and Activation-Regulated Chemokine 
(PARC) 
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Uteroglobin 
Tumor necrosis factor ligand superfamily member 
13 (APRIL) 

Vitamin D-Binding Protein (VDBP) Tumor necrosis factor receptor 2 (TNFR2) 

von Willebrand Factor (vWF) Urokinase-type Plasminogen Activator (uPA) 

 
Urokinase-type plasminogen activator receptor 
(uPAR) 

 

 The four markers identified (p<0.05) in the MLRM for NIH-AI prediction algorithm were 

CD163, ferritin, kidney injury molecule 1 (KIM-1), and antileukoproteinase (ALP) (Figure 6). 

The algorithm for NIH-AI prediction is Use Score = 2.91 – 0.01*FRTN – 0.29*CD163 + 

2.49*KIM-1 + 0.10*ALP. When 1/(1+exp(Use Score)) >= 0.2786, the algorithm correctly 

predicts 93% of the NIH-AI high patients with a false positive rate (FPR) of 11%. The predicted 

probability of high activity patients decreased over time relative to baseline as serum albumin 

increased and proteinuria decreased, reflecting decreased activity.  

 CD163 is a M2 macrophage marker; macrophage infiltration is a hallmark of inflammation. 

During periods of inflammation and activity, macrophage infiltration in the kidney will increase 

and lead to an increase in urinary CD163. As patient activity/inflammation decreases over time 

with treatment, it is expected that CD163 urine concentrations would also decrease. The patients 

with high baseline NIH-AI scores also had high concentrations of urinary CD163. This patient 

population saw decreased urinary CD163 concentrations over time trending towards the baseline 

NIH-AI low group. This indicates CD163 is a strong marker of disease activity. As discussed 

earlier, there have been studies showing urinary CD163 concentrations increased in LN patients 

in comparison to healthy individuals (31) similar to what we have seen in this study. 
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a b  

c d  

Figure 6. Creatinine normalized longitudinal data for urine markers identified for NIH-AI 
predictive algorithm. a) CD163 b) Ferritin c) Kidney injury molecule-1 (KIM-1) d) 
Antileukoproteinase (ALP) 
 

 Ferritin is a 450 kDa soluble protein that is not normally filtered by the glomeruli. Ferritins 

main function is to safely and compactly store iron and release iron when needed. There have 

been several studies that have reported elevated serum ferritin levels in SLE and recently some 

studies have reported increased urinary concentrations in LN (46,47). Ferritin plays a role in 

immune system response but this role is not well understood. 

 Kidney injury molecule 1 (KIM-1) is a 45 kDa type 1 transmembrane protein. There is an 

extracellular portion as well as intracellular portion of the protein found in the kidney, spleen, 
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and liver. Studies have shown KIM-1 as a possible acute kidney injury marker but may also may 

play a role in immune function (48,49,50).   

 Antileukoproteinase (ALP), also known as Secretory Leukocyte Protease inhibitor (SLPI), has 

an inhibitory effect on neutrophil extracellular traps (NETs) that are released from neutrophils 

(51). NETs are decondensed chromatin networks that trap pathogens and enhance the 

accessibility of the immune system to the pathogens. The NETs play an important role in 

autoimmune disease, as the NETs present antigens to macrophages which can create auto 

antibodies if the NETs are released for too long and capture self-antigens. 

 The four markers identified for NIH-CI were hepatocyte growth factor, Eotaxin-2, Interleukin 

6 receptor (IL-6R) β, and ITAC (Figure 7). The algorithm for NIH-CI prediction is Use Score = 

0.80 – 1.13*HGF + 0.32*Eotaxin-2 + 0.23*IL-6R beta + 0.32*ITAC. When 1/(1+exp(Score)) >= 

0.7023 the model correctly predicted 81% of patients with high NIH-CI with a FPR near 0%.  

 ITAC did not pass our initial linearity experiment due to all the values of the test samples 

being less than the lower limit of quantitation (<LLOQ). It was run as a marker in a multiplex 

with other samples that passed linearity testing and had detectable concentrations in a majority of 

the LN patient samples in this study. MRBM provided validation data of ITAC that showed 

MRBM’s dilutional linearity on healthy individuals were below LLOQ, but they were able to 

perform spike recovery and dilutional linearity successfully using control samples. ITAC was 

included in the analysis for these reasons. 
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a b  

c d  

Figure 7. Creatinine normalized longitudinal data for urine markers identified for NIH-CI 
predictive algorithm. a) Hepatocyte growth factor (HGF) b) Eotaxin-2 c) Interleukin-6 receptor 
beta (IL-6Rβ) d) Interferon inducible T-call alpha chemoattractant (ITAC) 
 

 Hepatocyte growth factor (HGF) was first identified as a potent mitogen for hepatocytes. It 

has since been found to play a role in multiple functions such as cell proliferation, cell migration, 

angiogenesis, and anti-apoptosis (52,53). HGF binds to c-met and has been shown to promote 

tumor progression and inhibit fibrosis after injury. The study by Okunishi et al. (54), showed that 

HGF also plays a role in immune response through inhibition of dendritic cells.   

 Eotaxins are a subset of chemokines that specifically target and attract eosinophils. Eotaxin-2 

(CCL24) binds with high affinity to CCR3 which is expressed on leukocytes and is important in 
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the allergic inflammatory response. The elevated concentrations of eotaxin-2 suggest recruitment 

of eosinophils to the kidney as part of the inflammatory response. 

  IL-6R is a type 1 cytokine receptor made up of 2 chains. An 80 kDa glycoprotein and gp130. 

IL-6R is the ligand specific receptor for IL-6. IL-6 is important in autoimmune diseases because 

it plays a critical role in inflammation and immune regulation. IL-6 induces terminal 

differentiation in both B and T cells. Several studies have shown that hyperactivity of B cells, 

which can lead to tissue damage, may be caused by overexpression of IL-6. Studies have also 

shown increased IL-6 concentrations in SLE serum and suggest IL-6 concentrations correlate 

with disease activity (55). Studies with mice deficient in IL-6 have shown greatly improved 

survival and reduced renal complications (56). Blocking the IL-6 pathway has been proposed as 

a way to improve SLE by reducing auto-antibody production caused by hyperactive B cells (57). 

Belimumab is one of the only new therapeutics to be approved for the treatment of SLE in the 

past 50 years and it works by targeting B cell survival factor (BAFF). 

 Interferon-Inducible T-cell Alpha Chemoattractant (ITAC), also known as CXCL11, is an 

activated T-cell chemoattractant and is strongly induced by interferon gamma and beta. It is 

weakly induced by interferon alpha. Some studies have shown increased concentrations of ITAC 

in SLE and lupus (58).  

 The receiver operator characteristic (ROC) curves show the performance of the algorithms 

(Figure 8). The X axis is false positive rate and y axis is the true positive rate. The closer the line 

is to vertical on the y-axis the better the prediction model. Where the ROC Curve touches the 

diagonal line is the optimal sensitivity and false positive rate. 
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a b  

Figure 8. Receiver operating characteristic (ROC) curves for NIH-AI and NIH-CI 
predictive algorithms. The ROC curves show the performance of the algorithms. The X axis is 
false positive rate and y axis is true positive. a) NIH-AI predictive algorithm ROC curve b) NIH-
CI predictive algorithm ROC curve. 
 

 The algorithms were used to predict NIH-AI and NIH-CI in all the patient groups (Figure 9). 

All the healthy control patients were predicted to have low activity and one individual had 

chronicity slightly above the cutoff. This is in line with what would be expected for healthy 

individuals as we don’t expect to see high activity or kidney damage. For the SLE group there 

were several individuals who had high chronicity. This could be attributed to possibly having 

subclinical nephritis. Subclinical LN may be common due to the diagnosis criteria for LN 

mentioned previously. 
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Figure 9. Prediction of NIH-AI and NIH-CI in all patient groups at baseline. Dotted lines 
are the determined cutoff values. a) NIH-AI predictions. b) NIH-CI predictions. 
 

 LN patients were classified for NIH-AI and NIH-CI at baseline using kidney biopsy tissue 

and the algorithms were used to predict future timepoints (Figure 10). The NIH-AI algorithm not 

only predicted the baseline high individuals with great accuracy, but it also predicts that the 

activity decreases over time. This is supported by a decrease in proteinuria over time. Although 

this cannot be verified with repeat biopsies due to the invasiveness of the procedure. For the 

NIH-CI, we see the low group trend upward slightly but remain under the threshold throughout 

the study. Kidney damage is irreversible, and we expect to see a slight increase or no change 

over time if treatment is effective. The fluctuation in the NIH-CI high group may be due to the 

small sample size (n = 4 by month 12). 
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Figure 10. NIH-AI and NIH-CI longitudinal predictions. LN patients were classified for NIH-
AI and NIH-CI at baseline using biopsy tissue and the algorithms were used to predict future 
timepoints. The lines represent median values longitudinally. Dotted lines are the determined 
cutoff values using the predictive algorithm. a) NIH-AI predicted longitudinal classifications 
using the predictive algorithm. b) NIH-CI predicted longitudinal classifications using the 
predictive algorithm. 
 

 Individuals with > 50% tubular atrophy, interstitial fibrosis, or globally sclerotic glomeruli all 

had low NIH-AI score and high NIH-CI score (Figure 11). This data shows that individuals with 

high chronicity/damage have low inflammation/activity. This is likely because these individuals 

have already gone through phases of high inflammation that lead to the chronic damage.  
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Figure 11. Percentages of globally sclerotic glomeruli, interstitial fibrosis, and tubular 
atrophy present in kidney biopsy tissue classified by NIH-AI and NIH-CI. All individuals 
with higher than 50% in any damage classification were NIH-AI low and NIH-CI high. 
 

   

Discussion 

 Novel combinations of markers were associated with renal histopathologic activity and 

chronicity (high and low categories) in LN. The algorithms generated were able to predict NIH-

AI and NIH-CI high versus low with high specificity and low false positive rates for baseline 

samples. The data predicts that the activity of most of the LN patients that were NIHAI high at 

baseline decreased over time with treatment and this was supported by a decrease in proteinuria 

concentrations. Most of the NIH-AI high patients at baseline were predicted to transition to NIH-

AI low group by month 3. The NIH-AI low group predicted median remained below the 
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threshold for the duration of the study. This data indicates that the patients’ treatments were 

effective in reducing activity and inflammation in disease. The NIH-CI high group predicted 

median dropped below the threshold by month 1. The NIH-CI low baseline group predicted 

median remained below the threshold for the entirety of the study. No repeat biopsies were 

available for confirmation of the NIH-AI or NIH-CI predictions. 

 Despite some of the individual markers identified displaying small differences between high 

and low activity/chronicity groups, the biological interplay between these markers make each 

marker important for the final algorithm. Removal of any one marker reduced the accuracy of the 

algorithms and increased the false positive rate. This emphasizes the importance of evaluating 

multiple biomarkers for more robust clinical utility.  

 Many of the markers identified in the pool of analytes that the final algorithms selected from 

have been identified in previous studies, giving more confidence in our marker selection. The 

RAIL algorithm developed by Brunner et al had six markers (adiponectin, ceruloplasmin, 

hemopexin, KIM-1, MCP-1, NGAL) (23). Ceruloplasmin was not evaluated in our study. All 

other markers with the exception of NGAL were identified in our selection pool. This gives more 

confidence in the study and the algorithms selected.   

 All of the individuals in the study that had a NIH-AI score of greater than 8 had an NIH-CI 

score of 6 or less. This inverse relationship indicates that there are high levels of inflammation 

prior to kidney damage occurring. This data provides evidence of persistent inflammation 

leading to kidney damage (chronicity) since the individuals with high levels of inflammation 

have not incurred high levels of damage yet. Individuals with greater than 50% tubular atrophy, 

interstitial fibrosis, or globally sclerotic glomeruli all had low NIH-AI scores and high NIH-CI 
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scores. It is expected that individuals with high levels of these damage markers would classify as 

NIH-CI high since they are variables used to calculate the score. The data suggests that these 

individuals have already experienced persistent inflammation in the past resulting in kidney 

damage and the inflammation has since subsided. 

 The results from this study have not been verified in an independent second cohort. The 

accuracy of the predicted longitudinal data was not verified due to lack of medical need to take 

additional biopsies. The analysis did not exclude analytes that were within the range of healthy 

individuals.  

 This data supports the continued evaluation of urine biomarkers with a multiplex 

immunoassay platform validated to clinical laboratory standards and could support wide 

distribution as a Luminex-based test. Novel combinations of markers were associated with renal 

histopathologic activity and chronicity (high and low categories) in LN. Treatment led to 

alterations in activity and chronicity longitudinally.  
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Chapter III: Tumstatin urine proteomics in lupus nephritis 
 

Introduction 

 Collagen IV is a major component of the glomerular basement membrane (GBM) and forms 

the backbone of the GBM. The GBM is important for proper blood filtration in the kidney. 

Collagen IV is a heterotrimer comprised of 3 alpha chains. Six different genes encode for the 

various α subunits (α1-α6). Although there could theoretically be multiple combinations of these 

α helices, only three sets of triple helical molecules (protomers) have been confirmed in vivo: 

α1:α1:α2, α3:α4:α5, α5:α5:α6 (59). Protomers are the building blocks of Collagen IV networks. 

Each α chain is approximately 180kDa and is made up of 3 components: a short N-terminal 7S 

domain, a long central collagenous domain, and a C-terminal noncollagenous 1 (NC1) domain. 

There are only three hexamers known to form from NC1 domains of two protomers: α1:α1:α2- 

α1:α1:α2, α3:α4:α5-α3:α4:α5, and α1:α1:α2-α5:α5:α6. The most abundant hexamer is the 

α1:α1:α2- α1:α1:α2 form and found throughout mammalian basement membranes. The 

α3:α4:α5-α3:α4:α5 is only found in the kidney, lungs, testis, cochlea, and eye. The NC1 domain 

of the α chain determines the hexamers that are formed. 

 Mutations of collagen IVα3 genes can cause Alport syndrome which is a hereditary renal 

disease (60). Mutations of any of the genes encoding alpha 3, 4, or 5 chains cause the absence of 

α3:α4:α5 network which leads to renal failure. Antibodies to the collagen IVα3 chain cause an 

autoimmune disease that affects the lungs and the kidneys known as Goodpasture syndrome. 

 Tumstatin is a 28kDa bioactive molecule with antiangiogenic and proapoptotic properties 

(61). It is generated from the cleavage of collagen IV α3 chain, specifically the non-collagenous 

1 (NC1) domain. This cleavage occurs by mixed metalloproteinase 9 (MMP9) which is released 
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from macrophages. Macrophage infiltration of the kidney occurs during periods of inflammation. 

Tumstatin binds αvβ3 integrin on endothelial cells to inhibit downstream pathways such as 

vascular endothelial growth factor (VEGF) and inhibition of angiogenesis. Studies have shown 

tumstatins ability to keep tumor growth in check and prevent further angiogenesis in cancer 

patients (61,62). Tumstatin needs to be cleaved from the collagen IVα3 by MMP9 in order to 

have its effect. 

 

Methods 

Tumstatin ELISA assay 

 A proprietary ELISA to detect the concentration of tumstatin in both urine and serum was 

developed by Nordic Biosciences (figure 12) (61). The assay is a competitive ELISA format 

which utilizes a 96-well streptavidin coated plate (Roche, cat. 11940279). The plates are coated 

with 100 μL/well of 10ng/mL biotinylated peptide PGLKGKRGDS-K-Biotin dissolved in assay 

buffer (25 mM Tris-BTB 2g. NaCl/L, pH 8.0). This synthetic tumstatin peptide is in the neo-

epitope region of the tumstatin cleavage site. The coated plate is incubated for 30 minutes at 

20°C in the dark with 300 rpm shaking on a plate shaker. The plate is then washed five times 

with wash buffer (20 mM TRIS, 50 mM NaCl, pH 7.2). 20 μL of standard peptide or sample are 

added to the appropriate wells. The standard curve was generated by 2 fold serial dilution of the 

peptide starting at 20 ng/mL down to 0.3125 ng/mL and a zero point is included as well. Then 

100 μL/well of 7ng/mL horse radish peroxidase (HRP) labelled mouse monoclonal antibody is 

added to all wells. The plate is incubated for one hour at 20°C with 300 rpm shaking on a plate 

shaker. The plate is then washed five times with wash buffer and 100 μL/well of 3,3',5,5-
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tetramethylbenzinidine (TMB) is added to the plate and incubated for 15 minutes at 20°C with 

300 rpm shaking. 100 μL/well of stopping solution (1% H2SO4) was added to the plate to stop 

the TMB reaction. The plate is then read on a plate reader (VersaMax; Molecular Devices, 

Sunnyvale, CA) at an optical density of 450nm with 650nm as a reference. The amount of signal 

generated is inversely proportional to the amount of tumstatin present in the sample. The 

standard curve is plotted using a four-parameter mathematical fit model and the sample values 

are back-calculated off the curve. 

 

 

Figure 12. Nordic tumstatin ELISA assay format. 
 

 195 urine and 210 serum longitudinal samples were sent to Nordic Biosciences to determine 

the tumstatin concentrations using their proprietary ELISA. The urine results were normalized 

using creatinine concentrations. The samples were the same 1 year longitudinal LN samples and 
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baseline SLE, BC, and NH samples used in previous proteomic analysis in chapter 1. This 

allowed comparisons to be made with previously collected proteomic and clinical data.  

 

Tumstatin assay robustness testing 

 Upon completion of sample testing, several experiments were run to test robustness of the 

assay. Twelve urine samples (six samples with high tested concentrations of tumstatin and six 

samples with low tested concentrations of tumstatin) were rerun to determine reproducibility of 

the assay. These samples were also spiked with known concentrations of recombinant tumstatin 

to test spike recovery. The concentration of the endogenous tumstatin plus the concentration of 

the recombinant tumstatin results in the expected concentration. Serial titration of the samples 

were also run to assess dilutional linearity. If the tumstatin was being bound by antibodies which 

interfered with the ability to detect tumstatin in the assay, the dilution would dissociate the 

binding and the assay results would not be linear.  

 

Statistical analysis 

 The urinary and serum tumstatin concentrations were determined by back calculating the 

sample signal off of a tumstatin standard curve. The urine tumstatin concentrations were 

normalized using the urine creatinine concentrations. Statistical analysis and graphs were 

performed using GraphPad Prism version 9.0.0 (GraphPad Software, Inc., Sn Diego, CA). 
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Results 

 Nordic Biosciences previously reported that tumstatin levels are significantly increased in LN 

patients (N=16) versus healthy individuals and other non LN kidney diseases (Figure 13) 

 

a b  

Figure 13. Tumstatin concentrations across disease states from Nordic study. a) Creatinine 
normalized urinary tumstatin concentration. b) Serum tumstatin concentration.  
 

 Both urine and serum tumstatin concentrations were significantly elevated in comparison to 

healthy individuals. The average creatinine normalized urine tumstatin concentrations were over 

10 fold higher in LN patients when compared to healthy individuals as well as other non LN 

kidney diseases. This is much higher than the 2 fold difference seen in serum and cannot be 

caused by poor filtration of the kidney allowing passage of the tumstatin from the serum to the 

urine. This suggests that the cleavage of the collagen IVα3 is occurring in the kidney and the 

majority of the released tumstatin is excreted in the urine. 

 The LN and healthy study samples showed similar results to those reported by Nordic 

Biosciences and confirmed elevated concentrations of tumstatin in LN patients serum and urine 
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(Figure 14). The patients in the Nordic Biosciences study were mostly European Caucasians 

whereas this study consisted of mostly black or African American patients. The non-LN renal 

disease group (BC) had similar concentrations of urinary and serum tumstatin as the healthy 

group. The LN and SLE groups both showed significantly increased urine tumstatin 

concentrations compared to the healthy and BC groups. Longitudinal LN urine samples showed 

large fluctuations in individual concentrations of tumstatin. 
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Figure 14. Tumstatin concentrations across disease states in study. a) Creatinine normalized 
urinary tumstatin concentration. b) Serum tumstatin concentration. 
 

 Urinary tumstatin concentrations were highly elevated in SLE and LN patients in comparison 

to the BC group. This data suggests that tumstatin may reflect inflammation in the kidney as 

opposed to kidney damage. 

 The Nordic tumstatin assay performed well in all robustness testing. Reproducibility testing 

showed all samples recovered within +/- 25% of the original test result. Spike recovery of all 
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samples were within +/- 20% of nominal concentration. Dilutional linearity results also showed 

the assay was performing as expected.  

 

Discussion 

 The concentration of tumstatin was significantly elevated in the urine of SLE and LN patients 

when compared with healthy individuals and patients with non LN renal diseases. This suggests 

cleavage of the NC1 domain of collagen IV alpha 3 chains in glomeruli of SLE and LN patients 

which releases the tumstatin into the urine. This does not occur in other renal diseases that were 

tested in this study. The LN data from the Nordic study, which was mostly European Caucasian 

LN patients, looked very similar to the mostly black American LN patients in this study 

suggesting similar cleavage of collagen IVa3 producing tumstatin in the urine. 

 The cleaved tumstatin is a result of inflammation in the kidney and the accompanying 

infiltration of macrophages releasing MMP9 in the glomeruli. The concentration of serum 

tumstatin is also increased in SLE and LN patients but not to the same magnitude as seen in 

urine. This suggests that the tumstatin is being cleaved in the kidneys, more specifically in the 

glomeruli. The cleavage that occurs in the glomeruli releases tumstatin into the urine but some of 

the tumstatin ends up in the filtered blood that exits the glomeruli. 

 The average concentration of urinary tumstatin in the LN group was still significantly higher 

than the healthy and BC groups. Interpretation of the kidney biopsy tissue may provide 

explanations as to why this occurs. Increases in activity should produce more cleavage of 

tumstatin based on increases in MMP9 and the NIH-AI high group would be expected to have 

higher urinary tumstatin concentrations as a result. 
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 Urinary tumstatin concentration could be a non-invasive repeatably obtained biomarker for 

SLE and LN diagnosis. Inflammation and activity in the kidney occurs early in disease 

progression and the cleavage of tumstatin may be an early disease marker. This will require 

further investigation and is warranted by the results obtained in this study.  
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Chapter IV: Kidney biopsy tissue analysis 
 

Introduction 

 Thickening of the GBM and autoantibody complex deposition in the GBM are hallmarks of 

LN. The deposition of immune complexes in the glomeruli initiates glomerular injury and 

subsequently renal function loss. Studies have suggested that there is a remodeling of the GBM 

in LN (63). The GBM of the kidney is one of the few tissues in the human body that expresses 

collagen IVα3. The other tissues include the lungs, the retina, and the testis. There is evidence of 

tumstatin reduction in the lungs of asthma patients in the literature (64). The remodeling 

processes of the GBM in the kidney are not well understood at this time. To confirm the 

infiltration of macrophages to the kidney and better understand the GBM remodeling that is 

suspected to occur in the glomeruli we used antibodies to bind markers of interest in the kidney 

biopsy tissues collected from the patients at baseline in the study.  

 Immunohistochemistry (IHC) staining of the kidney biopsy tissue from the patients in the 

study allows a glimpse into what is occurring in the kidney to better understand the urine 

proteomics results. The localization and abundance of markers of interest can be determined 

using this approach. The degree of macrophage infiltration should correlate with the level of 

activity seen in patients. 

   

Methods 

Immunohistochemistry 

 Needle kidney biopsy tissues were taken at baseline from LN and BC patients. 2um sections 

from each paraffin block were cut and mounted on glass slides by Emory University histology 
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lab and shipped to AstraZeneca for staining. IHC staining was done on Roche Ventana 

Discovery Ultra automated staining platform. The tissues were stained for Collagen IV (Abcam 

ab6586), Collagen IVa3 (Novus NBP1-85836), CD163/MPO co-stain (Roche 760-4437; Roche 

760-2659), and MMP9 (Abcam ab76003). The tumstatin neo-epitope antibody (Nordic 

Biosciences) that was used in the ELISA for detection of urinary tumstatin (Chapter 2) did not 

perform well in IHC control tissues and was not used for sample testing. A commercial antibody 

from Novus biologics was used to stain collagen IVα3 (Figure 10). 

 For collagen IV and Collagen IVα3 staining (independent slides/stains), deparaffinization 

with EZ prep (Roche 950-102) was performed at 69°C for 8 minutes for a total of 3 cycles. The 

slides were pretreated with protease 1 (Roche 760-2018) for 16 minutes at ambient temperature. 

Endogenous peroxidase inhibitor block (Roche 760-159) was run for 12 minutes. The primary 

antibodies were run at 5µg/mL for 60 minutes at ambient temperature. The primary antibody 

used for Collagen IV staining was abcam ab6586 and the primary antibody for collagen IVα3 

was Novus NBP1-85836. The collagen IVα3 antibody binds upstream of the tumstatin sequence 

(Figure 15). A goat IgG serum secondary block (Roche 760-6008) was performed for 16 

minutes. UltraMap anti-Rabbit HRP conjugate (Roche 760-4315) was used as the secondary 

antibody for 16 minutes at 37°C. The chromogen used was 3,3'-Diaminobenzidine (DAB) 

(Roche 760-159) was run for 8 minutes. Hematoxylin II (Roche 790-2208) was used as a 

counterstain for 4 minutes and bluing reagent (Roche 760-2037) was used as a counterstain for 4 

minutes.  

 For MMP9 staining, deparaffinization with EZ prep (Roche 950-102) was performed at 69°C 

for 8 minutes for a total of 3 cycles. The slides were pretreated with protease 3 (Roche 760-2020) 
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for 8 minutes at ambient temperature. Endogenous peroxidase inhibitor block (Roche 760-159) 

was run for 8 minutes. The primary antibody was run at 1:300 for 24 minutes at 37°C. The 

primary antibody used for MMP9 staining was abcam ab76003. A goat IgG serum secondary 

block (Roche 760-6008) was performed for 16 minutes. OmniMap anti-Rabbit HRP conjugate 

(Roche 760-4311) was used as the secondary antibody for 16 minutes at 37°C. The chromogen 

used was 3,3'-Diaminobenzidine (DAB) (Roche 760-159) was run for 8 minutes. Hematoxylin II 

(Roche 790-2208) was used as a counterstain for 16 minutes and bluing reagent (Roche 760-

2037) was used as a counterstain for 8 minutes. 

 For the CD163/MPO dual staining, the slides were initially baked at 60°C for 12 minutes. 

Deparaffinization with EZ prep (Roche 950-102) was then performed at 69°C for 8 minutes for a 

total of 3 cycles. The slides were pretreated with cell conditioner #1 (Tris-based antigen retrieval, 

pH 9.0; Roche 950-124) at 95°C for 8 minutes for a total of 8 cycles. Discovery endogenous 

peroxidase inhibitor block (Roche 760-4840) was run for 16 minutes. The MPO primary 

antibody (Roche 760-2659) was run for 32 minutes at 37°C. A goat IgG serum secondary block 

(Roche 760-6008) was performed for 16 minutes at ambient temperature. OmniMap anti-Rabbit 

HRP conjugate (Roche 760-4311) was used as the secondary antibody for 12 minutes at 37°C. 

The chromogen used for MPO was discovery purple kit (Roche 760-229) and was run for 20 

minutes. The slides were treated with cell conditioner #1 (Tris-based antigen retrieval, pH 9.0; 

Roche 950-124) again at 95°C for 8 minutes for two cycles. The CD163 clone MRQ-26 dual 

sequence primary antibody (Roche 760-4437) was run for 32 minutes at 37°C. A goat IgG serum 

secondary block (Roche 760-6008) was performed for 12 minutes. The dual sequence secondary 

anti-mouse NP (Roche 760-4816) was run for 4 minutes at 37°C. The dual sequence enzyme 
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conjugate anti-NP Alkaline Phosphatase (Roche 760-4827) was run for 4 minutes at 37°C. The 

chromogen used for CD163 was discovery yellow kit (Roche 760-239) and was run for 20 

minutes. Hematoxylin II (Roche 790-2208) was used as a counterstain for 8 minutes and bluing 

reagent (Roche 760-2037) was used as a counterstain for 4 minutes. 

 

MSARTAPRPQVLLLPLLLVLLAAAPAASKGCVCKDKGQCFCDGAKGEKGEKGFPGPPGSPGQKGFTGPEGLPGPQGP
KGFPGLPGLTGSKGVRGISGLPGFSGSPGLPGTPGNTGPYGLVGVPGCSGSKGEQGFPGLPGTLGYPGIPGAAGLKG
QKGAPAKEEDIELDAKGDPGLPGAPGPQGLPGPPGFPGPVGPPGPPGFFGFPGAMGPRGPKGHMGERVIGHKGERGV
KGLTGPPGPPGTVIVTLTGPDNRTDLKGEKGDKGAMGEPGPPGPSGLPGESYGSEKGAPGDPGLQGKPGKDGVPGFP
GSEGVKGNRGFPGLMGEDGIKGQKGDIGPPGFRGPTEYYDTYQEKGDEGTPGPPGPRGARGPQGPSGPPGVPGSPGS
SRPGLRGAPGWPGLKGSKGERGRPGKDAMGTPGSPGCAGSPGLPGSPGPPGPPGDIVFRKGPPGDHGLPGYLGSPGI
PGVDGPKGEPGLLCTQCPYIPGPPGLPGLPGLHGVKGIPGRQGAAGLKGSPGSPGNTGLPGFPGFPGAQGDPGLKGE
KGETLQPEGQVGVPGDPGLRGQPGRKGLDGIPGTPGVKGLPGPKGELALSGEKGDQGPPGDPGSPGSPGPAGPAGPP
GYGPQGEPGLQGTQGVPGAPGPPGEAGPRGELSVSTPVPGPPGPPGPPGHPGPQGPPGIPGSLGKCGDPGLPGPDGE
PGIPGIGFPGPPGPKGDQGFPGTKGSLGCPGKMGEPGLPGKPGLPGAKGEPAVAMPGGPGTPGFPGERGNSGEHGEI
GLPGLPGLPGTPGNEGLDGPRGDPGQPGPPGEQGPPGRCIEGPRGAQGLPGLNGLKGQQGRRGKTGPKGDPGIPGLD
RSGFPGETGSPGIPGHQGEMGPLGQRGYPGNPGILGPPGEDGVIGMMGFPGAIGPPGPPGNPGTPGQRGSPGIPGVK
GQRGTPGAKGEQGDKGNPGPSEISHVIGDKGEPGLKGFAGNPGEKGNRGVPGMPGLKGLKGLPGPAGPPGPRGDLGS
TGNPGEPGLRGIPGSMGNMGMPGSKGKRGTLGFPGRAGRPGLPGIHGLQGDKGEPGYSEGTRPGPPGPTGDPGLPGD
MGKKGEMGQPGPPGHLGPAGPEGAPGSPGSPGLPGKPGPHGDLGFKGIKGLLGPPGIRGPPGLPGFPGSPGPMGIRG
DQGRDGIPGPAGEKGETGLLRAPPGPRGNPGAQGAKGDRGAPGFPGLPGRKGAMGDAGPRGPTGIEGFPGPPGLPGA
IIPGQTGNRGPPGSRGSPGAPGPPGPPGSHVIGIKGDKGSMGHPGPKGPPGTAGDMGPPGRLGAPGTPGLPGPRGDP
GFQGFPGVKGEKGNPGFLGSIGPPGPIGPKGPPGVRGDPGTLKIISLPGSPGPPGTPGEPGMQGEPGPPGPPGNLGP
CGPRGKPGKDGKPGTPGPAGEKGNKGSKGEPGPAGSDGLPGLKGKRGDSGSPATWTTRGFVFTRHSQTTAIPSCPEG
TVPLYSGFSFLFVQGNQRAHGQDLGTLGSCLQRFTTMPFLFCNVNDVCNFASRNDYSYWLSTPALMPMNMAPITGRA
LEPYISRCTVCEGPAIAIAVHSQTTDIPPCPHGWISLWKGFSFIMFTSAGSEGTGQALASPGSCLEEFRASPFLECH
GRGTCNYYSNSYSFWLASLNPERMFRKPIPSTVKAGELEKIISRCQVCMKKRH 

 

Figure 15. Collagen IV amino acid sequence and corresponding antibody binding sites. 
Red = Tumstatin sequence; Yellow highlight = Novus collagen IVα3 antibody binding site; Blue 
highlight = Nordic tumstatin neoepitope antibody binding site 
 

 

Scanning and digital analysis of slides 

 All IHC (H&E, Collagen IV, Collagen IVa3, MMP9, and CD163/MPO duplex) slides were 

digitally scanned using the Aperio AT2 and/or Aperio AT Turbo (Leica Biosystems). All slides 

were assessed for quality and suitability, and all evaluable slides were analyzed using computer-
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assisted image analysis software Halo™ (Indica Labs; Albuquerque, New Mexico) to quantitate 

the density (# cells/mm2) or proportion (% positive pixels) of each marker of interest for each 

biopsy tissue slide. The Halo software allows for quantitative tissue analysis using digitally 

scanned slides. The slides were manually annotated in Halo software for 5 layers: Interstitium, 

healthy glomeruli, fibrotic glomeruli, fully fibrotic glomeruli, and questionable glomeruli. The 

healthy glomeruli and fibrotic glomeruli groups were combined for analysis due to difficulty 

distinguishing between the two groups. The questionable glomeruli were those that were sliced 

on the edge of the tissue and/or had staining artifacts and were excluded from further evaluation. 

47 LN biopsies and 8 BC biopsies were determined to be evaluable. Some of these slides did not 

have glomeruli present in the kidney biopsy tissue for evaluation. 

 

Statistical analysis 

 Halo software was used to develop and fine tune algorithms to quantitate the staining of the 

individual analytes in the kidney biopsy tissues. These algorithms were applied to the digital 

slides and allowed for quantitation of the analytes of interest using either the density (# 

cells/mm2) or proportion (% positive pixels) in the various annotation layers. The results of these 

analyses were plotted using GraphPad Prism version 9.0.0 (GraphPad Software, Inc., San Diego, 

CA). 

  

Results 

 Analysis of the immunohistochemistry results using Halo software showed macrophage 

infiltration into the glomeruli of the LN patients was higher than non LN renal disease patients 
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(BC). This can be seen via the macrophage markers CD163 and MPO (Figure 16). The percent 

positive tissue is significantly increased in LN for CD163, MPO, and dual positive CD163/MPO 

macrophage markers. MMP9 is also increased in LN patients which is expected with increased 

macrophage infiltration. The amount of macrophage infiltration increased as NIH-AI score 

classification increased. There was higher macrophage infiltration in NIHC-CI low vs high. 
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Figure 16. Immunohistochemistry results of kidney biopsy tissues from LN vs BC patients. 
a) % Positive collagen IV tissue. b) % Positive collagen IVa3 tissue. c) Number of CD163 
positive cells/mm2. d) Number of MPO positive cells/mm2. e) Number of CD163/MPO dual 
positive cells/mm2. f) Number of MMP9 positive cells/mm2. 
 

 Although total collagen IV percentage in the glomeruli was similar between LN and BC 

groups, the percentage of collagen IVα3 increased in the glomeruli of LN patients indicating 

remodeling of the GBM. When comparing NIH-AI low vs high LN patients for collagen IVα3, 

we see an increased percentage in the NIH-AI low group (Figure 17). The NIH-AI high group 

collagen IVα3 is decreased. There was no significant difference between NIH-CI high vs low for 

collagen IV or collagen IVα3 (Figure 18). 
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Figure 17. Immunohistochemistry results of kidney biopsy tissues from LN NIH-AI high vs 
LN NIH-AI low vs BC patients. a) % Positive collagen IV tissue. b) % Positive collagen IVa3 
tissue. c) Number of CD163 positive cells/mm2. d) Number of MPO positive cells/mm2. e) 
Number of CD163/MPO dual positive cells/mm2. f) Number of MMP9 positive cells/mm2. 
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a b  

c d  

e f  

Figure 18. Immunohistochemistry results of kidney biopsy tissues from LN NIH-CI high vs 
LN NIH-CI low vs BC patients. a) % Positive collagen IV tissue. b) % Positive collagen IVa3 
tissue. c) Number of CD163 positive cells/mm2. d) Number of MPO positive cells/mm2. e) 
Number of CD163/MPO dual positive cells/mm2. f) Number of MMP9 positive cells/mm2. 
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Discussion 

 The IHC data provides an interesting view of the transformation of the kidney in LN. The 

small needle biopsy cores do not always reflect the global condition of the kidney but they do 

provide some insight. Due to the difficulty of distinguishing between healthy glomeruli and 

fibrotic glomeruli, these two groups were combined for the purposes of data analysis. The fully 

fibrotic glomeruli were more easily distinguished and analyzed separately. The fully fibrotic 

glomeruli have less vasculature and more fibrosis making macrophage infiltration and other 

protein entry difficult. We saw decreased concentrations of most markers in the fully fibrotic 

glomeruli when compared to other glomeruli. The exception being the fibrotic collagen markers 

as expected.  

 Although the percentage of total collagen IV remains similar between LN and the non LN 

renal disease group (BC), we do see a change in collagen IVα3 percentage. Collagen IVα3 is 

increased in LN glomeruli when compared to BC. This suggests GBM remodeling of the 

composition of collagen IV to a higher percentage of collagen IVα3 in LN and a decrease in 

other alpha chains in order to keep the total collagen IV constant. The reason for the increase in 

collagen IVα3 as opposed to other alpha chains is unknown. 

 Collagen IVα3 levels are elevated in NIHAI low LN patients in comparison to both NIHAI 

high and BC groups. This suggests the remodeling of GBM begins with low activity and is 

reversed back to below BC levels under high activity. The increase in collagen IVα3 in kidney 

tissue could be an early disease indicator. No biopsies from individuals with healthy kidneys 

were collected and therefore we do not know what the levels would be in healthy individuals. LN 

patients can fluctuate between NIHAI high and low classifications throughout the course of 
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disease. Patients can go from NIHAI high to low through treatment and fluctuations between 

high and low are most likely due to waves of inflammation (flares). We do not know if this 

corresponds to decreased concentrations of collagen IVα3 due to not having longitudinal kidney 

biopsies. We do not see changes in either collagen IV or collagen IVα3 levels when comparing 

NIHCI low vs high. This suggests GBM remodeling is more reflective of activity as opposed to 

damage. We see higher concentration of macrophages in NIH-CI low group vs NIH-CI high 

group which suggests that inflammation is highest prior to high levels of kidney damage. 

 The macrophage markers CD163, MPO, and CD163/MPO dual positive are all increased in 

LN in comparison to BC. The infiltration of macrophages into the kidney produce more MMP9 

which cleaves collagen IVα3 to release tumstatin.    

  Despite the increased concentration of macrophages in NIHAI high group vs NIHAI low 

group, we see similar concentrations of urinary tumstatin in the NIHAI high group. This is most 

likely due to the reduced availability of collagen IVα3 in tissue of patients with NIHAI high 

scores. Collagen IVα3 presence in the absence of MMP9 in the glomeruli does not produce 

urinary tumstatin. The presence of urinary tumstatin may be an early indicator of disease. 

 The BC group consists of disease indications with similar pathophysiologic mechanisms to 

LN. These diseases include IgA nephropathy (IgAN), HIV associated nephropathy (HIVAN), 

and focal segmental glomerulosclerosis (FSGS).  6 out of the 8 BC patients whose kidney 

biopsies were analyzed fall into this category. These are rheumatological conditions where 

antibody complexes are deposited in the GBM, similar to LN. The difference between LN and 

the other diseases is the type of autoantibodies present in disease, the tissue manifestations, and 
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clinical presentation. There were no healthy or SLE kidney biopsies taken due to no medical 

justification to do so. 
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Chapter V: Discussion 
 

 The ability to detect early onset of LN using non-invasive techniques allows for early 

treatment and prevention of irreversible kidney damage. The current gold standard for LN 

diagnosis involves performing a kidney biopsy which is invasive and by the time it is medically 

justified to perform, significant kidney damage has already occurred. Kidney biopsies are not 

always reflective of the overall condition of the kidneys as they are small needle core samples 

and may overlook areas of disease in the kidney. We explored several approaches to discover a 

single or combination of novel markers which are non-invasive, able to be repeatedly obtained, 

and reflect early disease onset. 

 The utilization of the high throughput multiplex technology of Luminex and ultra-sensitive 

technology of simoa allowed for exploration of 280 markers in urine of patients. In addition we 

were able to develop algorithms using four markers (CD163, Ferritin, KIM-1, and ALP) in urine 

to predict NIH-AI high vs low groups with high accuracy and low false positive rates. We were 

also able to develop an algorithm to predict NIH-CI classifications with high accuracy using four 

distinct urinary markers (HGF, Eotaxin-2, IL6R β, and ITAC). These are novel and distinct 

combinations of markers suggesting that NIH-AI and NIH-CI are caused by distinct pathways. 

These markers have been identified individually in literature previously and this provides more 

confidence in the markers selected. Many of the urinary markers identified for the RAIL 

algorithm were also identified by our analysis. The data suggests that most of the LN patients’ 

activity decreased over time with treatment due to the decrease in proteinuria over the course of 

1 year. The NIH-AI predictive algorithm predicts this decrease in activity as well but without 

medical justification, confirmation with repeat biopsies is not possible. The ability to predict 
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early activity in disease would allow treatment prior to prolonged inflammation causing 

irreversible kidney damage. These algorithms require further evaluation in larger cohorts to 

determine the reproducibility and robustness of the predictability.  

 Evaluation of urinary concentrations of tumstatin, a 28kDa matrikine resulting from the 

cleavage of collagen IVα3 by MMP9, showed significantly elevated concentrations in SLE and 

LN patients in comparison to non LN renal disease and healthy groups. The urinary tumstatin 

concentration change is greater than the serum tumstatin concentration change suggesting that 

the collagen IVα3 is being cleaved in the glomeruli of the kidney and not a result of systemic 

cleavage. Inflammation and infiltration of macrophages into the kidney produce MMP9 which 

cleaves the collagen IVα3 in the glomeruli and releases tumstatin into the urine and to a lesser 

extent into the recirculating blood. Tumstatin has the potential of being a single marker able to 

diagnose SLE and LN and distinguish LN from other diseases. The concentrations of urinary 

tumstatin for healthy and BC groups are extremely low in comparison. The cleavage of collagen 

IVα3 in the glomeruli is occurring at much higher rates in the SLE and LN patients. The 

fluctuations of urinary tumstatin seen longitudinally in LN patients could reflect waves of 

inflammation/flares in patients. 

 The tissue staining provides information about the abundance and localization of macrophage 

markers, collagen IVα3, and MMP9 between the LN and BC groups. The remodeling of the 

GBM for increased collagen IVα3 while maintaining consistent total collagen IV in the NIHAI 

low group indicates a change in GBM composition early in disease. This change in collagen 

IVα3 percentage is reversed in the NIHAI high group and is lower than the BC group. This 

indicates replacement of the collagen IVα3 with other alpha chains as disease activity increases. 
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A majority of the individuals in the BC group have kidney diseases that involve deposition of 

antibody complexes in the GBM, similar to what occurs in LN yet the changes in collagen IVa3 

tissue concentration and the presence of tumstatin in urine is unique to LN. This is most likely 

due to the higher levels of macrophage infiltration and MMP9 released in the kidneys of LN 

patients compared to the other non-LN kidney diseases. Healthy kidney tissue was not evaluated 

in this study due to lack of medial justification to perform kidney biopsies on healthy individuals. 

Without these samples we cannot compare the study samples to healthy tissues. This study did 

include urine from healthy individuals and the tumstatin concentrations in the urine are very low, 

similar to the non-LN renal disease (BC) group. 

 The macrophage infiltration continues to increase as NIH-AI scores increase. This is expected 

with increased inflammation. The BC group shows little macrophage infiltration. Despite the 

increase of macrophage infiltration with increasing NIH-AI score, we do not see major 

differences in urinary tumstatin concentration between NIH-AI groups. This is most likely due to 

the lower abundance of collagen IVα3 in the NIH-AI high group, therefore less tumstatin is 

available to be cleaved and excreted in the urine. This could also be due to the amount of 

tumstatin already cleaved from collagen IVα3 early in disease progression. The collagen IVα3 

antibody used for IHC in this study binds upstream of the tumstatin region and reflects the 

amount of collagen IVα3 whether tumstatin is cleaved or intact. The high urinary tumstatin 

concentration in LN shows that there is a high level of cleavage occurring in the glomeruli of 

these individuals. The cleavage of collagen IVα3 by MMP9 to release tumstatin also reveals new 

epitopes for auto antibodies to be generated against and immune complexes to be deposited in 
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the GBM. This could amplify auto antibody production and deposition in the GBM leading to 

further kidney damage. 

 All of the LN patients that were identified as NIH-AI high based on their kidney biopsy had 

NIH-CI scores of below 6. This suggests there are high levels of inflammation prior to kidney 

damage occurring. Once kidney damage occurs there may be waves of inflammation from flares 

as evidenced by individuals with high NIH-CI scores having varying NIH-AI scores. This is 

supported by the kidney biopsy tissue staining data showing higher macrophage levels in NIH-CI 

low individuals versus NIH-CI high individuals. Urinary tumstatin may be a marker used to 

identify patients with early inflammation and appropriate anti-inflammatory medication 

treatment may help prevent kidney damage from occurring. 

 The information gathered in this study strongly supports the continued evaluation of both the 

algorithms and tumstatin’s ability to diagnose disease populations and track disease progression. 

Due to small sample sizes it is difficult to establish significant differences between groups 

although trends can be seen. Studies performed in larger patient populations would provide more 

insight into these promising techniques and provide greater statistical significance. This data also 

provides further information regarding the GBM remodeling of LN patients. Although total 

Collagen IV amounts remain the same as activity increases, we see a shift to a higher percentage 

of collagen IVα3 in low levels of NIH-AI and a reduction in the NIH-AI high group. These 

findings could help treat LN and SLE patients early in disease progression and prevent kidney 

damage from occurring. 
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Chapter VI: Future Direction of the Project 
 

 The data generated supports the further evaluation of urinary biomarkers as clinical tools to 

track LN disease progression and early diagnosis without the need for invasive kidney biopsies. 

These clinical tools that are able to diagnose early lupus onset and prevent kidney damage from 

occurring would save lives and greatly increase quality of life for patients. The ability to track 

disease progression in order to alter treatments and determine new drug efficacies is essential. 

The NIH-AI and NIH-CI algorithms generated require application in larger patient populations 

and in different ethnicities to determine their clinical utility. These patient populations should 

have inclusion/exclusion criteria to limit the number of variables in the study population. The 

study population should also include all classes of LN to determine if markers that correlate with 

different classes of LN can be identified. Ideally, healthy kidney biopsies would be used in the 

study to use as a control comparator for LN. Future studies should incorporate kidney biopsies 

from healthy individuals such as organ donors from car accidents that didn’t involve trauma to 

the kidney or the use of remaining kidney biopsy cores from kidneys used for transplantation. 

SLE kidney biopsies would also allow studying of the markers and changes that occur prior to 

nephritis onset. This would provide more knowledge on disease progression and possible causes 

of LN. 

 Larger panels of analytes should be screened using high throughput multiplex immunoassays. 

The recent increases in sensitivity of immunoassays would allow the detection of endogenous 

analytes that were previously undetectable. These larger panels should include many of the 

promising markers that have been reported in urine previously as well as markers that have not 

been explored. Once a small set of biomarkers are identified, they should be tested in larger 
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patient populations consisting of multiple ethnicities in order to determine the robustness and 

validity of the markers. The final markers chosen can be made into a single multiplex 

immunoassay that provides disease information in the clinic quickly and repetitively with non-

invasive urine samples.  

 Tumstatin has the potential to be a single urine marker that is able to detect early SLE and LN 

in patients. The data generated shows there are large changes of urinary tumstatin concentration 

in SLE and LN that are not seen in healthy individuals or other kidney diseases. An antibody that 

can bind to tumstatin should be used to stain kidney biopsy tissues and would provide further 

insight into what is happening in the kidneys of LN patients. The cleaved tumstatin in the 

glomeruli is ending up in the urine of SLE and LN patients based on the urine data but whether 

the tumstatin is regenerated when cleaved or whether the cleavage permanently damages the 

GBM is not known. The decrease in collagen IVα3 seen in the NIH-AI high group may be due to 

replacement by other collagen IV alpha chains but this has not been confirmed. The data 

generated in the current study suggests collagen IVα3 is being replaced by other alpha chains 

since the total collagen IV does not change. IHC staining of other alpha chains would confirm or 

deny the replacement of collagen IVα3 with other collagen IV alpha chains. Studying the GBM 

remodeling and composition in mouse models of LN during disease progression would lead to a 

better understanding of disease progression and inflammation response.  
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Supplemental Table 1. NIH-AI and NIH-CI algorithms predictive score results  

 

 

 
 
 

Individual # LN Class
NIH Activity 

Index (NIH-AI)
NIH Chronicity 
Index (NIH-CI)

NIH-AI 
Algorithm Score

NIH-CI 
Algorithm Score

NIH-AI 
Predictive Score

NIH-CI 
Predictive Score

1 2 0 3 3.660 0.107 0.025 0.473
2 4 8 10 2.100 -7.437 0.109 0.999
3 3 3 4 1.889 4.782 0.131 0.008
4 4 8 7 4.170 -1.593 0.015 0.831
5 4 8 7 2.700 -4.554 0.063 0.990
6 6 1 2 2.514 0.152 0.075 0.462
7 4 14 4 0.039 10.261 0.490 0.000
8 4 13 4 1.181 0.083 0.235 0.479
9 4 4 10 9.036 -9.326 0.000 1.000
10 2 0 3 2.596 16.096 0.069 0.000
11 4 14 3 -1.323 19.462 0.790 0.000
12 3 1 3 2.971 5.456 0.049 0.004
13 4 12 3 -2.035 8.183 0.884 0.000
14 4 10 2 -2.507 20.703 0.925 0.000
15 3 6 3 4.668 2.620 0.009 0.068
16 4 14 3 -8.081 5.393 1.000 0.005
17 5 1 9 4.385 -6.143 0.012 0.998
18 4 12 4 -1.067 18.829 0.744 0.000
19 2 6 3 2.275 4.867 0.093 0.008
20 3 11 5 -0.187 1.812 0.547 0.140
21 5 0 3 3.503 9.966 0.029 0.000
22 4 12 3 -1.008 1.122 0.733 0.246
23 2 0 4 -0.517 2.621 0.627 0.068
24 3 7 3 0.800 1.951 0.310 0.124
25 6 4 5 3.666 -1.055 0.025 0.742
26 6 3 9 8.989 -11.289 0.000 1.000
27 3 12 3 3.126 -0.725 0.042 0.674
28 3 5 4 2.393 4.104 0.084 0.016
29 3 6 3 3.657 2.999 0.025 0.047
30 4 7 3 1.838 4.141 0.137 0.016
31 4 12 2 -2.828 1.653 0.944 0.161
32 3 3 2 2.400 -0.376 0.083 0.593
33 4 13 5 -2.395 1.271 0.916 0.219
34 4 12 6 -1.278 -2.324 0.782 0.911
35 5 1 4 -0.234 2.351 0.558 0.087
36 4 2 9 12.984 0.365 0.000 0.410
37 4 16 5 -6.614 -0.937 0.999 0.719
38 2 2 8 4.049 -0.878 0.017 0.706
39 4 9 3 -5.121 36.213 0.994 0.000
40 5 1 7 7.574 -6.374 0.001 0.998
41 3 3 5 3.475 -1.771 0.030 0.855
42 2 8 5 -0.867 -7.237 0.704 0.999
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