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Victor Hugo Canela 

MOLECULAR STUDIES ON CALCIUM OXALATE KIDNEY STONES: A 

WINDOWN INTO THE PATHOGENESIS OF NEPHROLITHIASIS 

Nephrolithiasis will affect one-in-eleven people, and more than half of those 

individuals will have stone recurrence within a decade of their first episode. Despite 

decades of biomedical research on nephrolithiasis and extraordinary advances in 

molecular and cell biology, the precise mechanisms of kidney stone formation are not 

fully understood. Currently, there are limited treatments or preventative measures for 

nephrolithiasis. Therefore, it is crucial to scrutinize kidney stones from a molecular and 

cell biology perspective to better understand its pathogenesis and pathophysiology; and 

to, hereafter, contribute to effective therapeutic targets and preventative strategies.  

Kidney stones are composed of an admixture of crystal aggregated material and 

an organic matrix. 80% of all kidney stones are composed of calcium oxalate (CaOx) and 

half of all CaOx patients grow their stones on to Randall’s plaques (RP). RP are 

interstitial calcium phosphate mineral deposits in the renal papilla. Thus, we developed 

and optimized methodologies to directly interrogate CaOx stones. 

CaOx stones were demineralized, sectioned, and imaged by microscopy, utilizing 

micro CT for precise orientation. Laser microdissection (LMD) of specific regions of 

stone matrix analyzed by proteomics revealed various proteins involved in inflammation 

and the immune response. Analyses on jackstone calculi, having arm protrusions that 

extend out from the body of the stone, revealed that they are a rare subtype of CaOx stone 

formation. Micro CT analyses on 98 jackstones showed a radiolucent, organic-rich core 

in the arm protrusions. Fluorescence imaging on RP stones showed consistent differences 
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in autofluorescence patterns between RP and CaOx overgrowth regions. Moreover, cell 

nuclei were discovered with preserved morphology in RP regions, along with variable 

expressions of vimentin and CD45. In comparing spatial transcriptomic expression of 

reference and CaOx kidney papillae, CaOx patients differentially expressed genes 

associated with pathways of immune cell activation, reactive oxygen damage and injury, 

extracellular remodeling, and ossification.  

Our findings provide novel methodologies to better understand the role of 

molecules and cells in CaOx stone matrix. Several of the proteins and cells identified in 

these studies may serve as potential biomarkers, and future therapeutic targets in 

preventing kidney stone disease. 

James C. Williams, Ph.D., Chair 
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Chapter 1: Introduction 

1.1 Overture: Nephrolithiasis—A Current Forecast on Kidney Stone Disease 

Nephrolithiasis or kidney stone disease is one of the oldest diseases known to man 

(Modlin, 1980). People in ancient Mesopotamia and Egypt described urinary stones and 

included treatment options in their medical texts as early as 3200 and 1200 BCE (Shah, 

2002). Today, kidney stone disease is a major clinical issue affecting approximately 12% 

of the world population (Sorokin, 2017). In the United States, prevalence of kidney stone 

disease appears to be rising but the reason for this trend is not fully understood (Lieske, 

2015). Furthermore, one-in-eleven people will have a kidney stone event in their lifetime, 

and more than half of those individuals will have stone recurrence within a decade of 

their first episode (Scales, 2016). Stone disease affects both men and women, being only 

modestly more common in men (Coe, 2005) (Lieske, 2015). Despite decades of 

biomedical research on nephrolithiasis and extraordinary advances in molecular and cell 

biology, the precise mechanisms of kidney stone formation are not fully understood 

(Evan, 2014). As a result, there are limited treatments or preventative measures for 

kidney stone disease (Sakhaee, 2011) (Khan, 2021). 

Kidney stones are mineral crystallizations precipitated out of solution from 

supersaturated urine (Coe, 2005). Current literature on nephrolithiasis suggests that at 

least 80% of all kidney stones are composed of calcium oxalate (CaOx) (Worcester 2010) 

(Lieske, 2014) (Bird & Khan, 2017). Uroliths are clinically observed free in the urinary 

bladder (Douenias, 1991) (Childs, 2013), either unattached in the renal calyces and 

pelvis, obstructing the ureter, and/or anchored to the renal papillae in the kidneys 

(Cifuentes, 1987) (Khan, 2016). Moreover, kidney stone disease has been associated with 
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an increased risk of end-stage renal failure, chronic kidney disease and metabolic 

syndrome (Hung CT, 2020) (Johri, 2010). Given these ongoing clinical trends, stone 

disease prevalence will likely persist and continue to rise due to our limited knowledge 

on the mechanistic underpinnings contributing to stone formation. Therefore, a better 

understanding of the mechanisms involved in stone growth and formation is needed to 

generate significant advances in overall treatment strategies and prevention of 

nephrolithiasis.  

This introductory chapter aims to cover selected topics on the fundamentals of 

CaOx kidney stone disease. To achieve this, a foundation on what is currently understood 

about CaOx stone matrix and formation will be provided. Following the brief section on 

CaOx stone matrix, an overview on the fundamentals of renal papillary biology will 

ensue to give way to the topic of ectopic biomineralization in the papilla. Establishing the 

basics of CaOx stone matrix and mineralization in the papilla will provide a solid 

foundation to begin appreciating the complexity of the human kidney stone disease and 

begin to focus on the development of stones anchored to Randall’s plaque. The remainder 

of the chapter will briefly discuss Randall’s plaque in idiopathic stone formers along with 

contemporary theories aiming to explain its pathogenesis. Finally, a short note on an 

animal model of Randall’s plaque will be provided as an overture to appreciate the 

different research projects conducted in this thesis. Each research project has been 

organized into individual chapters containing their own brief introductory section, 

materials and methods, as well as results and discussions pertinent to each study. This 

format should allow one to follow each subsequent chapter, irrespective of order, and to 
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grasp the fundamental concepts aimed in each research study on CaOx kidney stone 

disease. 

1.2 CaOx Stone Formation: The role of CaOx Stone Matrix 

It has been estimated that approximately half of all CaOx stone formers are 

idiopathic patients. Of these, most CaOx patients form their stones attached to calcium 

phosphate (CaP) subepithelial plaque or Randall’s plaques (Randall, 1937). Of note, a 

subset of CaOx stones may develop without an anchoring mechanism or attachment (e.g., 

Randall’s plaques or plugs) as intralobular deposits in the terminal collecting ducts or 

papillary ducts of the kidney (Khan 2021).  

Kidney stones are composed of an admixture of crystal aggregated material and 

organic matrix (Figure 1.1) (Khan, 2021). The majority of the crystal component from a 

stone is typically used to categorize the stone type (e.g., a stone composed of 74% uric 

acid and 26% CaOx will be categorized as a uric acid stone). Boyce et al. suggested that, 

on average, kidney stones contained only about 1.5%-3% protein, by weight (Boyce, 

1956). Studies by Khan et al. have shown that crystals within a stone are surrounded by 

the organic matrix (Khan, 1984). However, the role of the organic matrix in stone 

formation remains elusive. 

The kidney stone matrix has been shown to be protein enriched (Canales, 2008) 

(Okumura, 2013) (Witzmann, 2016). It is hypothesized that the stone matrix proteins 

function as the cementum that holds and aggregates stone crystals together. Stone matrix 

proteins have been theorized to function as either renal stone promoters or stone 

inhibitors (Fleisch, 1978). Further, several studies have shown that matrix proteins are 
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associated with the immune system and the inflammatory response (Merchant, 2008) 

(Boonla, 2014) (Witzmann, 2016) (Wesson, 2017).  

Okumura and colleagues published work on the proteomic profiles of 9 CaOx 

kidney stones (Okumura, 2013). Their studies reported a total of 92 proteins from the 

analyzed CaOx stones. The proteins reported included prothrombin, Tamm Horsfall 

protein (THP), calgranulins A and B, and myeloperoxidase. The authors classified the 

protein components from the stones into three major groups that would help describe 

their origin and/or function. These classifications were listed as Kidney Proteins, Blood 

Proteins and Leuc[k]ocyte-related proteins. The proteins under “Leukocyte-related 

proteins” are commonly expressed in macrophages and neutrophils and suggest a strong 

immune and/or inflammatory role associated to the development of kidney stones. These 

proteins included neutrophil defensin 3, fetuin A, lactotransferrin, azurocidin, 

myeloperoxidase, cathepsin G and the calgranulins A and B.  

Witzmann et al. used label-free quantitative mass spectrometry to extract proteins 

from pulverized human CaOx stones (Witzmann, 2016). Their studies identified a total of 

1,059 unique proteins in two human CaOx kidney stones (revealing a more complex 

matrix proteome than previously described). Witzmann and colleagues highlight proteins 

related to calcium binding and mineralization as well as potential modulators of crystal 

formation: Annexins A1, A2, calmodulin, calsequestin-2, osteopontin, Protein S100-A8 

(Calgranulin-A), and Protein S100-A9 (Calgranulin-B), THP, prothrombin, CD44, and 

various types of collagens. Their gene enrichment analyses showed pathways 

significantly associated with the complement system, production of nitric oxide and 

reactive oxygen species in macrophages. Further, they reported Functional Annotation 
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clusters of the CaOx matrix proteins relating to the inflammatory response and immune 

system responses, as well as extracellular glycoprotein signaling, wound healing and 

cytoskeletal structural molecule activity.  

The proteomic studies briefly described here support the hypothesis that 

inflammation and immune processes, and extracellular modifications may play an 

important role in the development and progression of stone disease. More recently, a 

systematic bioinformatics research reviewed data on proteomic analysis in the stone 

matrix and concluded similar conclusions presented above. The stone matrix proteins 

revealed common inflammation-related proteins (including those involved in the immune 

system) (Yang, 2021). Although we are learning more about the proteins present in CaOx 

stone matrix, we have yet to fully describe the precise mechanisms of how exactly they 

contribute to crystal retention and aggregation. Although it is likely that most proteins 

found in the matrix are adsorbed on to the stone by chance, certain questions remain 

unanswered. Are these proteins somehow affecting crystal formation directly and then 

becoming part of the stone mass? Are we detecting inflammatory and immune proteins as 

a response to the presence of stones? Are there specific cells of the kidney secreting or 

producing these proteins, and as a result, inadvertently propagating stone formation? 

1.3 The Kidney Papilla and CaOx Stone Formation  

As mentioned above, some idiopathic CaOx stones appear to develop on to the 

renal papillary calcifications known as Randall’s plaque (RP) (Figure 1.2) (Figure1.3) 

(Williams, 2006) (Letavernier, 2016). It is not known what mechanisms contribute to the 

genesis of plaque development or how the renal papillary interstitium becomes 

mineralized. Evan et al. suggests that the origin of RP occurs at the basement membranes 
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of the limbs (loops) of Henle and then spread into the surrounding interstitial space 

eventually migrating to the papillary tip (Figure1.4) (Evan, 2007). But the specific 

molecular and cellular determinants driving these events remain largely unknown. To 

begin exploring what cells and molecules may contribute to the development of plaques, 

it would be important to describe what is known about the anatomy of the renal papilla.  

There is very limited knowledge about the anatomy of human renal papilla. It is 

known that the papilla is at the tip of the inner medulla (and grossly, at the tip of the renal 

pyramid) where we find connective tissue interstitium, terminal collecting ducts and 

some vasa recta. Given the anatomical position of the papilla, it assumed that it is the site 

of a unique physiological microenvironment within the kidney (it is both hyperosmotic 

and hypoxic). However, the complete cellular and molecular make-up in this region has 

been seldom studied. 

Of the few studies focusing on the structural organization of the mammalian 

kidney, researchers have highlighted two major cell types in the interstitium of the inner 

medulla of model organisms. Interstitial cells, type I, or stromal fibroblasts (fibroblast-

like) were described by Professors Kevin V. Lemely and Wilhelm Kriz in the medullary 

interstitial compartment (Lemley and Kriz, 1991). Ultrastructure observations of this 

region show an intimate association between these cells and tubules and vessels, 

including an increase in cytoskeletal elements (Kriz and Kaissling, 2000). Additionally, 

the presence of lipid granules in fibroblasts have been noted in specific cell environments 

(lipid-laden cells). It is believed that some of these cells retain the capacity to transform 

myofibroblasts under conditions of interstitial inflammation in vitro via alpha smooth 

muscle actin and desmin upregulation (Grupp, 1997). The second type is the bone 
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marrow-derived interstitial dendric cell. The dendritic cells are major histocompatibility 

complex (MHC) class II positive (MHC-II+) which may module immune cell activity. 

However, the presence and function of these cells in healthy and diseased human inner 

medullary kidneys is still unclear.  

Vanslambrouck et al. described the current literature as being relatively silent on 

processes of renal papillary elongation and maturation during kidney development 

(Vanslambrouck, 2011). Thus, it is not surprising that we currently know very little about 

the specific cells residing in the healthy or diseased kidney papilla. Vanslambrouck and 

colleagues report implications of the kidney papilla as being the site of a potential stem 

cell niche. The hypoxic microenvironment mirrors the niche microenvironment harboring 

stem cells in bone marrow and brain where hypoxic environments likely play a role in the 

maintenance and in the protection against DNA damage (Morrison, 2000). Oliver et al. in 

vitro studies on renal papillary cells show that they form spheres co-expressing 

mesenchymal and epithelial markers mirroring those of neural stem cells (Oliver 2009). 

Additionally, Oliver and colleagues suspect that some of the renal papillary cells may 

play a role in the homeostasis of the papilla and including renal repair due to in response 

to injury. Their experimental observations, however, are limited to the migration of the 

papillary cells to the cortex in response to injury. Contrary to these observations, Song et 

al. sought to identify a kidney papillary stem cell population using telomerase. Their 

reports identified epithelial-like cells expressing telomerase activity, with label retaining 

media (stem cell marker) but could not report proliferating or migratory cell activity 

during tubular repair (Song, 2011). As is apparent, there is currently debate about the 
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specific cell population housed within the inner medullary interstitium and throughout the 

renal papillae in humans.  

1.4 Mineralization in the Renal Papilla  

Researchers have previously reported models that compare the initial stages of 

bony ossification and interstitial crystal deposition in the kidney papilla. One intriguing 

hypothesis suggests that interstitial cells (mesenchymal stem cells?) of the renal medulla 

transdifferentiate into a bone-like phenotype (osteoblast-like cells), thus initiating a direct 

cell mediated process of mineralization (Vermooten, 1942). Another view closely related 

to this one, suggests that increased calcium and phosphate levels in the papillary 

interstitium lead to the deposition of apatite crystals on to a sea of collagen matrix in the 

papilla. Perhaps in unison, these events contribute to the initial mineralization of the 

kidney papilla. 

The multipotential mesenchymal stem cell (MSC) plays an important role in the 

production of osteoprogenitor cells and other specialized cells (e.g. fibroblasts, 

chondroblasts) (Denu, 2016) (Chen, 2016). Are resident fibroblasts in the renal papilla 

transdifferentiating into osteoblast-like cells? Or, alternatively, does the renal papillary 

mineralization closely mirror vascular calcification? In an experimental rat model of 

hyperoxaluria and renal intratubular CaOx crystal deposition, researchers identified the 

following upregulated genes in the kidneys: RUNX1 and 2, Osterix (Sp7), BMP2, MPB7, 

BMPR2, collagen, osteopontin, osteopotegrin (TNFRSF11B) vimentin, and MGP (Khan, 

2014) (Joshi, 2015). These genes point to a possible bone-like phenotype; furthermore, 

these genes have also been shown to be active in vascular calcification (Khan, 2021).  
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Indeed, cells such as pericytes, myofibroblasts and smooth muscle cells have also 

been shown to contribute to vascular mineralization and thus may be of interest in the 

initiation of renal papillary mineralization (Giachelli, 2004) (Giachelli, 2005) (Khan, 

2021). Are the pericytes (α-SMA+ and VIM+), surrounding the loops of Henle or the 

vasa recta, contributing to the mineralization of the papillary interstitium? Given the 

hypoxic and hyperosmolar microenvironment of the papillary tip, is this region more 

prone to vascular injury in the vasa recta?  Can this damage promote similar events to 

blood vessel calcification in atherosclerosis? Studies have shown a strong association 

between cardiovascular diseases and nephrolithiasis (Khan, 2012). In both diseases, the 

role of inflammation and reactive oxygen species may be critical. Additionally, 

macrophage activity has been identified in the progression of vascular calcification. One 

function of macrophages may be the modulation of pro-inflammatory phenotypes or the 

formation of crystal deposits as a result of phagocytosis (Khan, 2021). As discussed 

above, immune cell activity, including macrophage activity, have been proposed in CaOx 

stone matrix. Are resident or migratory immune cells responding to injury and ROS, in 

the renal papilla and thus, activating mineralization pathways?  

It is still unclear what specific factors are at play during the formation of 

Randall’s plaque in patients. The involvement of ossification and extracellular 

remodeling, immune cell activity and inflammation in the pathogenesis of RP patients 

continues to be investigated. In the advent of newer technologies and innovative 

methodologies, answers to these questions may shed more light about the potential role of 

fibroblasts, osteoblast-like cells, macrophages, or pericytes in the development of RP and 

stone formation.  
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1.5 Randall’s Plaque and CaOx Stones  

For CaOx stone formation to occur onto RP, damage, or injury to the papillary 

urothelium, may have to first ensue (we have yet to determine what activities may lead to 

the disruption of this region in the kidney) (Evan, 2007). The biological apatite of RP is 

interstitial and in close association to the macromolecules of the papillary connective 

tissue (fibroblasts, collagen) (Khan, 2012). The papillary epithelium naturally separates 

the plaque from the calyceal urine. Perhaps by way of the osteogenic changes, 

inflammation, and immune cell activity or processes similar to those of vascular 

calcification (Taylor, 2015), the papillary epithelium is breached. Thus, exposure of 

plaque to urine macromolecules attracts apatite and over time, accumulates CaOx crystals 

deposition along with the matrix protein constituents discussed above. This gives way to 

the formation and growth of CaOx stones on to RP (Figure 1.3) (Figure 1.4).  

The region between RP and CaOx overgrowth is of great interest in the study of 

CaOx stone formation. Evan and Sethmann studied this interface region independently 

(Evan, 2007) (Sethmann, 2017). Their findings have pointed to an admixture of apatite 

and CaOx at, perhaps, the earliest stages of CaOx stone formation. However, very little is 

still known about what specific activities may be at play during the initial events of stone 

formation. Studies outlined in Chapters 4 and 5 aim to elucidate new light in this 

understudied area.  

The utilization of micro computed tomography (micro CT) has been extremely 

useful in the classification and direct study of CaOx stones growing on RP (Figure 1.3) 

(Williams, 2018). Zarse et al. first demonstrated the capabilities of nondestructive 

analysis of urinary stones by micro CT and extend it as an imaging diagnostic of stone 
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mineral composition (Zarse, 2004). When analyzed by micro CT, RP stones often show 

multiple lumens representing calcified tubules or vessels in the apatite region. One can 

readily discriminate the CaOx mineral from the apatite with micro CT. This technology 

coupled with other methodologies, lends itself for novel investigation of the plaque and 

stone interface.  

Winfree et al. more recently attempted to investigate the interface between RP 

and the CaOx overgrowth (Winfree 2020). Their multimodal imaging techniques 

revealed unique, label-free signatures in RP. The group utilized micro CT imaging to 

guide careful polishing of RP stones to expose the region between RP and CaOx 

overgrowth. Winfree et al. hypothesized that RP organic molecules are unique to RP and 

can be differentiated from the CaOx overgrowth by native fluoresnce. Their imaging data 

detected a unique blue native fluoresnce signature in RP that helped discriminate it from 

the CaOx overgrowth (Figure 1.5). Furthermore, they confirmed these findings in 

papillary tissue from patients with kidney stone disease. Of note, Chapters 2-4 in this 

body of work will demonstrate how we applied both micro CT and the aforementioned 

native fluoresnce modalities to further investigate CaOx stone growth and RP 

development. 

1.6 Randall’s Plaque and CaOx Stones: Animal Models  

Researchers currently lack reliable animal models that closely resemble human 

RP and CaOx stone formation. A recent Abcc6-/- knockout mouse was recently proposed 

to model RP development in humans (Letavenier, 2018) (Letavenier, 2019). The ATP 

binding cassette subfamily C member 6 (ABCC6) gene in humans is mainly expressed in 

the liver and in the kidney. The protein product of the ABCC6 gene, multidrug 
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resistance-associated protein 6, enables the production of sources of pyrophosphate, 

which may be an important inhibitor of active mineralization (Letavenier, 2018) 

(Letavenier, 2019). Abcc6-/- KO mice exhibit nephrocalcinosis in older mice and CaP 

deposition adjacent to the loops of Henle and vasa recta (a striking similarity to the 

plaque structures observed in RP). Interestingly, the investigators detected the mineral 

modulators osteopontin and fetuin A in the renal mineral deposits of KO mice; these 

same modulators have also been detected in stone matrix and RP. These findings, along 

with BMP signaling and collagen mineralization in Abcc6-/- KO models further indicate 

osteogenic and extracellular processes associated with RP (Blazquez-Medela, 2015) 

(Yao,2016) (Khan, 2021).  

1.7 A Commentary on the Genetics of Nephrolithiasis  

To recapitulate, nephrolithiasis is an extremely complex disorder, and one theory 

(genetic or otherwise) will not suffice to fully explain its true etiology. Kidney stone 

disease is likely caused by the interaction of multiple genetic and environmental factors 

that we continue to actively investigate (Vezzoli, 2019) (Howles, 2019) (Howles, 2020). 

The prevalence of monogenic nephrolithiasis in stone clinics has been reported to be 

about 15% (Howles, 2020). However, for those stone former patients without a 

monogenic cause, the heritability rate is greater than 45%. Contemporary studies, 

including genome-wide association studies, have indicated several genes and molecular 

pathways that may contribute to the risk of kidney stone formation (e.g. Vitamin D 

metabolism pathways and calcium sensing receptor signaling) (Howles, 2019). Thus, 

there is an urgent need for a better understanding of the monogenic and polygenetic 

factors contributing to the risk of nephrolithiasis. Advances in this area will also aid in 
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the proper subcategorization of stone disease patients for optimal stone prevention 

management and treatment.  
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Figure 1.1: Scanning electron microscopy (SEM) of human calcium oxalate (CaOx) 

Kidney Stones 

A. SEM image showing the ultrastructure of the surface of a CaOx dihydrate stone. B. 

Stone surface by SEM showing CaOx monohydrate crystals. C. Concentric laminations 

of COM crystals. D. Spherical calcium phosphate crystals (Khan, 2021).   
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Figure 1.2: Example of a Calcium Oxalate (CaOx) growing on to interstitial 

Randall’s Plaque (RP) 

Endoscopic view of an attached CaOx stone on the renal papilla (arrow). Shown in this 

image are examples of RP lesions on the renal papilla of this stone patient (arrowheads). 
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Figure 1.3: Human CaOx Stone grown on to Randall’s Plaque 

A. Surface rendering by micro CT reveals the microstructure of a CaOx kidney stone. A 

virtual frontal slice through the image stack reveals an apatite region of Randall’s plaque. 

Evidence of the CaOx overgrowth growing on to interstitial plaque. B. A zoom-in of the 

plaque region further reveals lumens of tubules and/or vessels (arrows).   
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Figure 1.4: Yasue-stained section from a CaOx Stone Former 

A. Low magnification microscopic image of a papillary biopsy and stained by Yasue 

method to show interstitial crystal deposition (beneath the basement membranes of the 
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thin loops of Henle) in the CaOx stone former (yellow arrows). B. Note the absence of 

mineral in the cells of the normal collecting duct (black arrows) (Evan, 2010). 
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Figure 1.5: Randall’s Plaque bears a unique autofluorescence signature 

Native fluorescence imaging of an RP stone polished to expose the Randall’s plaque and 

CaOx monohydrate (COM) interface (Winfree, 2020).  
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Chapter 2: Demineralization and Sectioning of Human Kidney Stones: A Molecular 

investigation revealing the Spatial Heterogeneity of the Stone Matrix 

2.1 Introduction  

Kidney stone prevalence continues to increase, reaching as high as 14.8%, and 

more than half of affected individuals will have a stone recurrence within ten years of 

their first episode (Khan, 2016). Health costs in the US for kidney stone treatment and 

management currently exceed $10 billion annually (Scales, 2016). Risk factors for 

nephrolithiasis—including diabetes, hypertension and obesity—are also on the rise.  

Surprisingly, very little is known about the precise mechanisms of kidney stone 

growth. Meticulous efforts have been made to grow calcium oxalate (CaOx) stones in 

vitro, including control of composition and temperature over periods of weeks (Chow, 

2004a) (Chow, 2004b), but the ‘stones’ produced consisted of fragile material that 

disintegrated when touched (Ananth, 2002). 

The failure of inorganic solutions to produce a stone with the hardness typical of 

nephroliths points to some role of the organic matrix in stone formation. It has been 

suggested that deposition of the stone matrix is primary in forming a stone, with crystal 

deposition within the matrix being a secondary event (Boyce, 1968) (Boyce & Sulkin, 

1956). Ultrastructural analysis of CaOx stones suggests that each mineral crystal is 

surrounded by a layer of matrix (Evan, 2007) (Khan & Hackett, 1993). 

Proteomic analysis of CaOx kidney stone matrix has revealed the presence of over 

a thousand different proteins (Witzmann, 2016). How can one sort through so many 

possible molecules to see which ones might be fundamental for stone growth? One 

approach would be to find out which proteins are present in every mineral 
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layerhypothesizing that if a protein is fundamental to stone growth, it would necessarily 

always be present. The present study utilized micro CT orientation of stones during 

demineralization, embedment and sectioning, and subsequent analysis of matrix layers by 

fluorescence microscopy, immunohistochemistry, and regional proteomics using laser 

micro-dissection (LMD). This novel approach shows promise of being capable of 

distinguishing proteins that are universally present from those that occur in only some 

mineral layers, and thereby could identify proteins that would be candidates for 

possessing essential function in stone growth. 
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2.2 Materials and Methods 

Stone specimens 

Stones were collected during endoscopic procedures as part of an IRB-approved 

study (IU IRB #1010002261) or were received as cast-offs from a local stone analysis 

facility (Beck Analytical Services, Greenwood, IN). These stones came to us without any 

other patient or clinical identifiers. Stones were photographed, dried, and scanned using 

micro CT (Skyscan 1172 Micro CT system, Bruker-MicroCT, Kontich, Belgium) with 

final voxel sizes of 2-8 µm. Kidney stones reported in this paper include only those for 

which calcium oxalate monohydrate (COM, crystal name: whewellite) was the majority 

mineral. Mineral identifications were confirmed using infrared spectroscopic methods 

(Williams, 2010). 

Kidney stone preparation and demineralization. 

Kidney stones were embedded in 6-7% Knox gelatin (Kraft Foods, Northfield, IL) 

or HistoGel (Thermo Fisher Scientific, Waltham, Massachusetts) and scanned by micro 

CT to confirm orientation. Subsequently, the gel embedded stones were immersed in a 

1:1 ratio of 5% paraformaldehyde (PFA) and 10% ethylenediaminetetraacetic acid 

(EDTA), pH 7.4, at room temperature, refreshed daily. Demineralization was deemed to 

be complete when the stone was invisible by micro CT (Figure 2.1). 

Kidney stone histology 

Demineralized stones were dehydrated through a series of ethanol concentrations, 

infiltrated, and embedded in a 1:1 mixture of Paraplast Xtra (Fisher Scientific, USA) and 

Peel-Away Micro-Cut (Polysciences Inc., USA). Sections were cut at 6-8 µm. 

Hematoxylin and eosin (H&E) and Yasue staining were used for histological analysis 
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(Evan, 2003). Unstained serial sections of kidney stones were also imaged by 

fluorescence using a Leica TCS SP8 confocal imaging system (excitation at 405 nm, 488 

nm, 552 nm, and 643 nm) for native fluorescence. 

Super-Resolution Auto-Fluorescence (SRAF) 

SRAF imaging analyses of decalcified COM stone matrix were run in the Core 

Facilities of the Carl R. Woese Institute for Genomic Biology at the University of Illinois 

Urbana-Champaign. Images were acquired on a Zeiss LSM 880 Airyscan SRAF system 

(Sigavuru, 2018). 

Immunostaining 

Kidney stone sections were deparaffinized and rehydrated, and antigen retrieval 

was performed in preheated sodium citrate buffer, pH 6.0. Subsequently, sections were 

incubated with a sheep polyclonal antibody against human THP (THP, Millipore) and 

stored at room temperature overnight. THP immunoreactivity was assessed using a rabbit 

anti-sheep IgG secondary antibody conjugated with horseradish peroxidase (HRP) and 

visualized with 3,3’-diaminobenzidine tetrahydrochloride hydrate. The sections were 

counterstained with hematoxylin and viewed using a Leica DM3000. Sections of stones 

were mounted on membrane slides for the “move and cut” mode of a Leica LMD 6 

microscope instrument (Micanovic, 2015).  

Regional proteomics using LMD 

Sections were deparaffinized and stained with either H&E or 1% methylene blue. 

Bulk regions of the stone matrix layers were dissected via LMD and collected in 

phosphate buffer. Extracted proteins were digested using Trypsin/Lysine C mix proteases 

and run in a Q Exactive Orbitrap High Field Liquid Chromatography/Mass Spectrometry 
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system. Data were searched using MaxQuant (version 1.6.10.1) and filtered using False 

Discovery Rate for alpha=0.01. Hierarchical clustering analyses of these data were 

conducted using the Perseus computational software (Tyanova, 2016).  

  



25 

2.3 Results 

Micro CT visualization secures and guides proper kidney stone orientation and 

demineralization  

Micro CT examination ensured proper stone orientation and positioning for 

histological sectioning. The loss of mineral density by micro CT provided a direct 

measure of the adequacy of demineralization. Photographic images in Figure 2.1 shows 

an example of a Randall’s plaque stone undergoing the process of demineralization; the 

stone’s overall structure was maintained within the gel even after complete 

demineralization (Figure 2.1C).  

Histological staining demonstrates matrix heterogeneity and confirms complete 

decalcification of the kidney stones 

H&E and Yasue staining of kidney stone sections showed tightly packed layers in 

the matrix of this pure COM stone (Figure 2.2, H&E). Both staining methods showed 

heterogeneity in the density of stainable organic matrix among different layers within the 

stones. The absence of staining for calcium mineral in panel B (Yasue) also verified the 

complete demineralization of the stone indicated by micro CT.  

Native fluorescence of the stone matrix reveals its molecular heterogeneity by various 

autofluorescent signatures  

Figure 2.3 shows three different decalcified CaOx monohydrate stones taken 

from three different patients, imaged for native matrix fluorescence. Panel A of Figure 

2.3 shows the same stone from Figure 2.1, whereby the orientation of demineralized 

stone sections was maintained with high fidelity. The demineralized Randall’s plaque 

displayed a unique fluorescence pattern in the far-blue region, as we have previously 



26 

described in mineralized plaque (Winfree, 2020). The CaOx surrounding the plaque 

region showed multiple matrix layers of differing intensities and fluorescence emission 

spectra, suggesting molecular heterogeneity in the composition of the matrix. The 

specific autofluorescent signatures of each, plaque and CaOx stone overgrowth regions, 

describes the unique molecular makeup of the calcified papillary interstitium and the 

calyceal urine-containing space. Furthermore, panels B and C show two additional CaOx 

stones with varied native fluorescent signatures, pointing to the molecular heterogeneity 

within the organic matrix of COM.  

The examination of a sectioned, decalcified CaOx stone using super-resolution 

auto-fluorescence (SRAF) imaging (Sigavuru, 2018) is shown in Figure 2.4. The 

filamentous nature of the matrix and its heterogeneity is further revealed by the high-

resolution SRAF optics (Figure 2.4, D-H).  

Immunohistochemical staining 

Kidney stone sections were also stained for Tamm-Horsfall Protein (THP), the 

most abundant of the urinary proteins, as shown in Figure 2.5. Our results consistently 

showed a pattern of alternating THP-rich (black arrowheads) and THP-absent layers 

within the stone matrix of CaOx kidney stones.  

Regional proteomics using LMD 

The process of LMD of a CaOx stone specimen is illustrated in Figure 2.6A. The 

average area of LMD samples for proteomic analysis was 1.64x106 µm2, and these 

samples yielded an average of 629 distinct proteins. When concurrent proteomic analysis 

was performed with approximately 100 mg of CaOx stone powder, we identified 464 of 

those 629 proteins. Label-free quantitative analysis showed a strong correlation in 
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relative protein abundance between LMD and pulverized stone samples (Figure 2.6B), 

thereby validating the LMD-based proteomics approach. Table 1 summarizes the twenty 

most abundant proteins in both LMD and pulverized CaOx kidney stone samples from 

the hierarchical clustering analysis from Figure 2.6C. 
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2.4 Discussion 

The work described here illustrates an innovative method to study the kidney 

stone matrix and to explore its molecular (organic) content. Although investigators have 

previously demonstrated the feasibility of demineralizing and sectioning kidney stones to 

study the organic matrix (Chow, 2004a), we not only optimized this histological 

technique but extended its utility by methodically applying two novel and critical 

techniques: 1) micro CT was used to assess the degree of stone demineralization and, 

more critically, for the precise positioning and orienting of the nephroliths for 

histological sectioning, and 2) laser micro-dissection was used for analyzing specific 

regions of interest of the stone matrix. Moreover, we demonstrate the advantage of these 

innovative methodologies by yielding significant proteomic data with laser micro-

dissected samples and demonstrate strong proteomic correlation in agreement with 

pulverized stone samples. The ability to apply histochemical and proteomic techniques to 

kidney stones enables an in-depth molecular interrogation that has not been demonstrated 

before and should aid in understanding the initiation and propagation of stone growth.  

The organic matrix in CaOx stones appears to be heterogeneous. This is 

particularly apparent in the fluorescence images (Figures 2.3 and 2.4), indicating that the 

nature of the matrix can be different in adjacent layers. Of note, a mixed kidney stone 

with majority uric acid composition also demonstrated apparent heterogeneity by 

histologic staining and autofluorescence (Figure 2.7). The preliminary work with 

immunohistochemical analysis for THP—the most abundant of the urinary proteins 

(Figure 2.5)—showed that layers of stone matrix could be either devoid of or rich in 
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THP (Figure 2.8). This suggests, then, that THP is unlikely to be a urine protein that is 

essential for the growth of a stone, as it was undetectable in some layers of the stone.  

The number and diversity of proteins found in these preliminary studies using 

LMD sections is consistent to what has previously been published for larger stone 

specimens (Witzmann, 2016). The presence of such a large number of different proteins 

in stone matrix is yet to be explained, but it is possible that many proteins in urine may 

become part of stone matrix in a non-specific manner. It has been proposed that certain 

proteins are key in the formation of a stone (Boyce, 1968), and that others may simply 

accumulate through long-term exposure of the stone to urine (Witzmann, 2016). If this is 

the case, then it will be important to sort out which proteins are key, and which are 

simply adventitious. 

The proteomic analysis of LMD sections from demineralized stones opens the 

possibility of analysis of specific layers within a single stone. Such work should be able 

to identify proteins that are present in all stone layers. Such proteins would then be 

candidates for focused study of their effects on mineral deposition, perhaps using one of 

the modern methods that allows microscopic monitoring of mineral growth, in vitro 

(Singh, 2017). 
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2.5 Conclusions 

Future studies of stone matrix will aid in describing the mechanisms of mineral 

and organic layer deposition. Spatial mapping of the stone proteome will undoubtedly 

lead to a better understanding of stone initiation including renal anchoring mechanisms 

(i.e. Randall’s plaque and/or ductal plugging). Thus, utilization and optimization of these 

novel techniques can begin to unlock the mysteries of CaOx mineral initiation and 

propagation. 
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Figure 2.1: Micro CT ensures proper orientation and positioning of a Randall’s 

plaque stone for histology and accurately assesses mineral loss 

A. A Micro CT slice showing the appearance of a stone attached to Randall’s (interstitial) 

plaque. Scale bar = 250 µm. CaOx: calcium oxalate (which, in this case, was pure CaOx 

monohydrate, COM). Photographic images (upper portions of panels B and C) show the 

stone’s overall structure within a gel before and after demineralization. The lower panels 

of B and C show the before and after micro CT “ghost” images of a CaOx stone on 

Randall’s plaque undergoing decalcification, with no visibility by micro CT at the end of 

the process. This stone came from a patient who underwent bilateral ureteroscopy for 

multiple renal stones. The patient was a 78-year-old male, with a history of passing 

stones. Urine was typical for a CaOx stone former, with multiple 24-hour collections 

averaging 2.9L volume, pH 6.61, Ca of 278 mg, oxalate of 35 mg, citrate >1200 mg, and 

a supersaturation for CaOx of 4.7 and for CaP of 1.6.  
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Figure 2.2: H&E and Yasue staining show stone matrix heterogeneity  

A. H&E of a decalcified COM stone showed evidence of matrix heterogeneity. The 

various levels of staining intensities among the tightly packed layers suggests differences 

in organics throughout the matrix. B. Yasue staining also clearly depicts matrix 

heterogeneity. Additionally, this staining technique verifies complete demineralization of 
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the stone as indicated by micro CT. Scale bars = 50 µm. This specimen came to us de-

identified.  
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Figure 2.3: Heterogeneity of native fluorescence in stone matrices  

A. The decalcified stone (from Figure 2.1) displayed fluorescence in the far-blue region 

in the area that used to be apatite rich (Randall’s plaque). The upper right inset shows a 

micro CT slice of the stone prior to demineralization, in approximately the same plane as 

the histologic section. The lower right inset shows an enlargement of the CaOx matrix 

layers of differing intensities and colors. B. The stone matrix in this panel depicts 

different levels of fluorescence intensities and colors from; additionally, microscopic 

organic aggregates can be appreciated (white arrowheads). C. Fluorescent aggregates 

(white arrowheads) can also be seen in the matrix of this stone. Further, this stone 

possessed pronounced differences in fluorescence color between adjacent layers, 

indicating evident heterogeneity in matrix composition. Stone specimens in panels B and 

C are from two other patients (both de-identified). Scale bars = 100 µm. 
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Figure 2.4: Super-resolution auto-fluorescence (SRAF) imaging renders finer 

resolution of the heterogeneous stone matrix  

A. Low-power SRAF image of a CaOx stone matrix (blue-405 nm excitation, 420-480 

nm emission channel pseudo-colored green, scale bar = 20 µm). B. Low-power SRAF 

image (red-561 nm excitation, 575-615 nm emission channel pseudo-colored red). C. 

Merged images of A and B. D. High-power SRAF image of D-F box in C (blue-405 nm 

excitation, 420-480 nm emission channel pseudo-colored green, scale bar = 5 µm). E. 

High-power image of box D-F box in C (red-561 nm excitation, 575-615 nm emission 

channel pseudo-colored red). F. Merger of D and E. G. Enlargement of box G in C with 

merged images of blue and red channels pseudo-colored green and red, respectively. 
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Arrowheads indicate organic aggregates entrapped within the stone matrix (scale bar = 5 

µm). H. Enlargement of box H in F merged images of blue and red channels pseudo-

colored green and red, respectively. Arrows indicate locations of green and red channel 

overlaps indicating heterogeneity within the filamentous stone matrix (scale bar = 5 µm). 

Although the bulk of this specimen was composed of COM, the polygonal shapes of the 

empty spaces in panels A through C suggest the previous presence of the dihydrate form 

of CaOx.  
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Figure 2.5: Alternating layers of THP in the stone matrix is revealed by 

immunohistochemistry of CaOx stone matrix  

No primary antibody controls (Panels A and C). Panel B shows THP reactivity (black 

arrowheads) in the thick ascending limbs (TAL) of a human kidney section (renal cortex). 

Immunohistochemistry staining of CaOx stone matrix with THP shows THP-rich layers 

(black arrowheads) and THP-absent layers in the matrix of decalcified CaOx stones 

(Panel D). Scale bar = 50 µm. This specimen had a mixed composition, (86% calcium 

oxalate monohydrate [COM], 7% uric acid and 7% apatite). The patient had undergone 

bilateral percutaneous stone removal, and 24-hour urine analyses averaged 1.8L volume, 

pH of 6.10, Ca 241 mg, oxalate 49mg, citrate 747mg, with supersaturations of 8.1 for 

CaOx and 1.38 for CaP.   
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Figure 2.6: Laser microdissection facilitates the proteomic spatial mapping of CaOx 

stones 

A. The process of laser microdissection (LMD) is illustrated in the before and after (black 

arrows) panels for protein extraction (scale bar = 50 µm). B. Proteins identified in CaOx 

stone powder and LMD sections plotted against one another by their relative label-free 

quantitation value (LFQ). AU, arbitrary units. C. Unsupervised hierarchical clustering 

highlighting the most abundant proteins identified in both LMD and pulverized CaOx 

stone samples. 
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The twenty most-abundant Proteins Identified in both 
LMD and Pulverized CaOx Stone Specimens 

Hemoglobin subunit beta (HBB) 

Hemoglobin subunit alpha (HBA2) 

15-hydroxyprostaglandin dehydrogenase [NAD
+

] (HPGD) 

Fatty Acid Synthase (FAS) 

Uromodulin (UMOD) 

Myosin-9 (MYH9) 

Osteopontin-D (SPP1) 

Tubulin Beta chain (TUBB2C) 

Heat shock protein HSP 90-alpha (HSP90AA1)  

Tubulin alpha chain  

Complement C3 (C3) 

Fibrinogen alpha chain (FGA) 

Vitamin K-dependent protein Z (PROZ) 

Heat shock protein HSP 90-beta (HSP90AB1) 

Fibrinogen gamma chain (FGG) 
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Table 2.1: The twenty most-abundant Proteins Identified in both LMD and 

Pulverized CaOx Stone Specimens 

The proteins identified are listed in order of abundance based on their LFQ value by 

unsupervised hierarchical clustering. Note that THP (also known as uromodulin) is 

among the top five proteins identified. 
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Figure 2.7. Decalcified uric acid kidney stone sections showing heterogeneity by 

histology staining and native fluorescence imaging 

The mixed kidney stone was composed of 74% uric acid and 26% CaOx. H&E and 

Yasue (A and B) staining reveals nonuniformity within layers of the uric acid stone 

matrix. C. Native fluorescence imaging shows further diversity in structural composition 

of the matrix layers. Scale bar = 100 µm. 
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Figure 2.8. Immunohistochemistry experiments reveal alternating layers of THP of 

the mixed CaOx and uric acid stone matrix 

A. No primary control. B. Mixed CaOx and Uric acid matrix contains alternating layers 

of THP (black arrows). Scale bar = 50 µm. 
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Chapter 3: Human Jackstone arms show a Protein-Rich, X-ray Lucent Core, 

suggesting that Proteins drive their Rapid and Linear growth 

3.1 Introduction 

Jackstones are rare urinary stones that contain elongated protrusions (spines, or 

jack arms) from their center body. These were reported in bladder stones as early as 1860 

(Price, 1860) but the ‘spines’ in this case did not apparently contain calcium oxalate 

(CaOx). A later report from 1895 described CaOx stones with sharp thorny processes or 

spines in varying numbers, extracted from the kidney or from the bladder (Ord & 

Shattock, 1895). Subsequent publications on jackstones have consisted mainly of case 

reports (Perlmutter, 2002) (Singh, 2011) (Subasinghe, 2017) (Carneiro, 2020).  

To our knowledge, there have been no reports offering a detailed analysis of 

jackstones or a hypothesis attempting to explain their peculiar growth and morphology. 

Here, we report observations on 98 jackstones from 50 human stone specimens. Using 

non-destructive micro-computed tomography (micro CT) and infrared spectroscopy (IR), 

we report the predominant mineral composition in these stones and highlight novel 

findings concerning the cores of the jack arms. This paper aims to provide a 

comprehensive view of the nature of jackstones, their mineral and organic composition, 

as well to propose a potential molecular hypothesis to explain their peculiar morphology 

(Canela, 2021). 
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3.2 Materials and Methods 

Source of urinary stones 

Jackstones were identified as having protrusions from the body of the stone that 

were longer than they were wide. Most of the jackstones in this study were found in 

specimens discarded by a local stone analysis facility (Beck Analytical Services, 

Greenwood, IN). These specimens were marked as being of human origin but came to us 

without any other identifiers. We also found 3 jackstones among patients from an 

ongoing study of stone formers, all of which were consented for approved study (IRB 

protocol #101000226). These stones were of renal origin, collected during percutaneous 

nephrolithotomy procedures. Finally, we include one large, renal jackstone that was taken 

via robotic pyelolithotomy, as a case study. 

Micro-computed tomographic imaging (micro CT) 

Stones, all dried in air at room temperature, were scanned using a Skyscan 1172 

micro CT system (Bruker-MicroCT, Kontich, Belgium) at 60kVp, 0.5-mm Al filter, for a 

final voxel size of 6-13 µm (Williams, 2010). The one exception to this procedure was a 

very large renal jackstone, which was scanned using a Skyscan 1176 micro CT system 

with a 33 µm voxel size. Image stacks from micro CT were viewed using Image J 

(Schindelin, 2012). 

Spectroscopic verification of mineral 

Following micro CT reconstructions, small portions of each specimen were taken 

using a sharp blade. Stone portions were ground with potassium bromide and analyzed 

using Fourier-transform infrared (FT-IR) spectroscopy using the traditional pellet method 

(Williams, 2010) on a Bruker Alpha-T Spectrometer. 
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Demineralization and histologic section 

Jackstones were subjected to a demineralization process previously described [9]. 

Briefly, selected jack arms were mounted in HistoGel (Thermo Fisher Scientific, 

Waltham, Massachusetts) and rescanned by micro CT to verify orientation. The jack arms 

were then demineralized using a 1:1 ratio of 5% paraformaldehyde (PFA) and 10% 

ethylenediaminetetraacetic acid (EDTA), pH 7.4, over several nights at room temperature 

with the solution being replaced daily. Micro CT was used to track the demineralization 

process and the process was complete when the jack arm was invisible by micro CT 

(Canela, 2021). 

The demineralized jackstones were dehydrated through a series of graded ethanol 

concentrations and then embedded in paraffin. Serial sections were cut at 6-8 µm for 

histology and immunohistochemistry analysis. Deparaffinized and unstained serial 

sections of jack arms were imaged for native fluorescence on a Leica TCS SP8 confocal 

imaging system (excitation at 405, 488, 552, and 643) (Canela,2021) (Winfree, 2021). 

Immunohistochemistry 

Paraffin-embedded human kidney and jackstone arm sections were deparaffinized 

and rehydrated. For antigen retrieval, slides were incubated in a preheated sodium citrate 

buffer solution (10mM sodium citrate, 0.05% Tween 20, pH 6.0) for 60 minutes. 

Following antigen retrieval, sections were treated with sheep polyclonal antibody against 

human Tamm-Horsfall protein (THP, Millipore) at a 1:200 dilution and stored at room 

temperature overnight. THP immunoreactivity was assessed using rabbit anti-sheep IgG 

secondary antibody conjugated with horseradish peroxidase (HRP) and visualized with 

3,3’-diaminobenzidine tetrahydrochloride hydrate (DAB) (Sigma-Aldrich). The sections 
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were counterstained with hematoxylin and viewed under a Leica DM3000 microscope 

(Leica Microsystems). Optical densities were measured using mean gray values obtained 

from color deconvolution images of DAB-labeled tissue in Image J (Crowe and Yue, 

2019) (Seyed, 2017). Squares of fixed area (1296 µm2) were measured for average gray 

value over core and shell regions using a fixed spatial grid to reduce selection bias.  

Statistics 

Data are presented as mean ± standard deviation. For optical densities, multiple 

measurements were grouped using nesting by patient specimen and tested for effect of 

region (core or shell) using standard linear regression modelling in JMP Pro 15 (SAS 

Institute, Inc, Cary, NC).  



47 

3.3 Results 

A total of 98 jackstones were identified in 50 patient specimens (Table 3.1), with 

an average of 2.0±0.4 jackstones per patient specimen (range of 1-14 jackstones per 

specimen). The jackstones had on average 4.2±0.4 arms (range 1-14 arms per stone), and 

the arms were on average 1.5±0.1 mm in diameter (range 0.5-6.3 mm, measured at the 

midpoint along length of each arm). The major mineral in all of these specimens was 

calcium oxalate, and primarily of the monohydrate form (COM). 

The one-arm jackstone in Figure 3.1 illustrates the findings typical for the 98 

jackstones. Panel A shows a photomicrograph of the jackstone on millimeter paper and 

panel B a slice through the micro CT image stack. The radiolucent center in the body of 

this stone was not uncommon in the 98 jackstones we examined (seen in 42 of the 98 

jackstones) but the radiolucency along the core of the arm was seen in every arm of every 

jackstone (Tables 3.1 and 3.2). It was also typical that a ‘bulb’ of radiolucency marked 

the base of each jack arm (arrowhead in Figure 3.1B). The radiolucent core of jack arms 

also frequently contained thin layers of mineral that spanned the radiolucent core. 

The mineral layers within the radiolucent core were sometimes composed of 

apatite (which is seen easily using micro CT [Williams, 2010] [Williams, 2017]), as in 

Figure 3.1B, where they are seen as white layers along the core of the jack arm. In other 

jackstones, there was little apatite within the radiolucent core. For example, one of the 

jack arms in the renal stone illustrated in Figure 3.2 showed no apatite by micro CT, and 

the other arms showed only one or two layers of apatite scattered along the axis of each 

arm. However, all of these jack arms did have thin layers of calcium oxalate spanning the 
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radiolucent core, all curved with their convex surface pointing toward the tip of the jack 

arm. 

The three study patients in which jackstones were found (including the stone in 

Figure 3.2) were typical of recurrent CaOx stone formers (Table 3.2). Briefly, all three 

patients were undergoing percutaneous stone removal, and all had considerable stone 

burdens and multiple stones. Only one jackstone was found in each patient. All patients 

showed ductal plugging and dilated ducts in their renal papillae (Borofsky, 2016) (Rivera, 

2016). The patients showed no signs of urinary tract infection. Serum and urine values 

were unremarkable. One patient showed endoscopic signs of medullary sponge kidney in 

some calyces, but the jackstone was found in the renal pelvic space. 

Figure 3.3 (A-C) shows the largest jackstone in this study. This stone originated 

from a kidney with substantial hydronephrosis and was collected during a robotic 

pyelolithotomy procedure. The specimen included 9 non-jackstones, all of which were 

smooth surfaced, and rather round, with some flattened surfaces suggesting they likely 

had been packed together. None of these 9 stones showed any evidence of jack arm 

growth by micro CT. This was typical for the specimens in which we had multiple stones; 

the non-jackstones tended to be CaOx type Id (Figure 3.3C) (Daudon, 2020) and showed 

no hint of arm formation by micro CT. 

In 55% (54/98) of the jackstones studied, the thickness of the jack arm shell 

tapered with distance from the stone body. This tapering is consistent with the radial 

growth of the jack arm being faster than the rest of the stone, such that the newly formed 

tip of the arm would be younger than the rest of the stone and thus have a thinner 

deposition of CaOx. In most of the specimens (56 of 98) layers could be observed in the 
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stone to extend from the stone body only partway out onto the jack arms (as in Figure 

3.1B), suggesting that when those layers were deposited, the arm was of shorter length. 

Layers above this (presumably newer layers) extended out further onto the jack arms. 

(We note that all stones showed growth layers visible by microscope upon dissection, but 

the resolution of the micro CT was not sufficient to discern growth layers in some of the 

pure COM stones.) These observations together argue that the shape of the jackstone 

could be accounted for by the arm length growing at a faster radial rate than the stone 

body. 

Three jack arms were also studied in histologic section following 

demineralization. Figure 3.4 shows such a section imaged for native fluorescence. Note 

that the relatively protein-poor shell of the arm delaminated as mineral was removed, 

while the higher protein content of the core allowed it to fix more readily. The core of the 

arms showed greater magnitude of native fluorescence than did the shell, which is 

consistent with the core containing a larger quantity of organic material. This higher 

content of organic material—which always has a low X-ray attenuation value—would 

explain the low X-ray attenuation of the cores in jack arms. 

A few sections were also stained for THP, as shown in Figure 3.5. The cores of 

the jack arms showed on average a 1.6-fold enrichment of THP staining in comparison to 

the shell regions (p<0.0001).  
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3.4 Discussion 

We have shown that jackstone arm protrusions consist of x-ray lucent cores 

surrounded by classic layers of COM extending outward from the body of the stone. The 

jackstones included in this study bear at least one protrusion that was longer than it was 

wide. 

The shape of the jackstone is remarkable. Arms extend out from the stone body 

typically at right angles to the stone surface. One way this shape could be achieved would 

be by having the entire stone grow on a star-shaped template. With this hypothesis, the 

mystery of the jackstone morphology would be explained by the initial formation of a 

template with arms, perhaps from aggregation of urinary proteins. The observations in 

this study do not support this hypothesis. While the jack arms invariably contained a core 

of X-ray lucent material, this core did not extend into the center of the stone body; rather, 

our results suggest that an X-ray lucent core of the jack arm typically began as a mass of 

X-ray lucent material deposited on to the early surface of a stone of typical shape (a 

nascent jackstone calculus), thus allowing growth of the jack arm from there. 

The radial growth of the jack arms is indicated by two observations. First, in 

stones in which layers were distinctly visible by micro CT, it was common for early 

layers on the stone body to be contiguous only partway out onto the jack arms. Then, 

layers outside this would be contiguous further out on the jack arms. This appearance 

strongly suggests that the tips of the jack arms grew out at a radial rate faster than did the 

body of the stone. Similarly, the thickness of the shell regions on jack arms (as well as 

the total arm diameter) tended to diminish with length away from the stone body, which 

also is consistent with the tips of the arms being younger than the arm bases.  
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Jackstones invariably had straight arms. This is a remarkable observation; for 

example, the renal stone in Figure 3.3 would certainly not have had unlimited volume in 

which to grow, even within a hydronephrotic kidney, and the non-jackstones collected 

with it showed flattened sides that suggest that they had been packed together. The 

jackstone in Figure 3.1 is from a specimen that included 14 jackstones and 25 non-

jackstones, and all of the non-jackstones showed flattened sides. This suggests that all of 

these stones had been packed together rather tightly, and yet the jack arms were 

remarkably straight, with their directional growth apparently unaffected by the presence 

of closely packed stones on all sides. Contrarily, the renal stone in Figure 3.2 was 

constrained within a calyx of normal size, its arms extended straight out from the stone 

body and apparently formed singly. These observations raise the possibility that the 

deposition of a particular composition of matrix may serve as the initiation site for the 

growth of a jack arm. It is plausible that protein aggregates with specific macromolecular 

adsorption capabilities preferentially bind to certain areas on the crystal surfaces of 

nascent jackstone calculi (Boyce, 1968) (Leal, 1977) (Khan, 1983) (Khan & Hackett, 

1984) (Khan, 1993). However, the differences between jackstones that grow among other 

packed calculi and those that grow without packed stones remain unknown. Of note, the 

micro CT studies on the non-jackstones did not show radiolucency cores. Further, 

infrared studies of the non-jackstones confirmed the same major mineral type as in the 

jackstones in all cases. 

How is it that the jack arm grows more rapidly than the stone body? Our findings 

are consistent with the hypothesis that the core of the jack arm becomes surrounded by 

layers of mineral that allow for the addition of new organic material (probably protein) 
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from the urine only at the tip of the jack arm, and that the addition of this material at the 

tip of the jack arm would then drive its linear growth (Figure 3.6). A possible driver of 

this directionality might be physical abrasion, either with other stones or with the wall of 

the urinary space. If a mass of protein were to deposit onto the surface of a stone and then 

be coated by a thin layer of calcium oxalate, the most likely place for abrasion to remove 

mineral from the mineral-coated mass would be at the point most distant from the body 

of the stone (i.e. tip of the jack arm). This, then, would be the place where more protein 

would bind to the existing protein mass, extending its dimensions away from the stone 

body. Subsequently, addition of another layer of mineral would thicken the mineral on 

the unabraded sides of the initial protein mass, while leaving the tip farthest from the 

stone body most susceptible to repeated abrasion damage. With such a cycle, protein(s) 

from the urine that preferentially bound to the existing protein core—which episodically 

would have the thin mineral covering its tip abraded away—would extend the protein 

core away from the stone body. 

The organic nature of the X-ray lucent core of the jack arm is supported by some 

of our additional observations. IR analysis typically showed richer protein levels in core 

samples as opposed to shell pieces. Microscopic imaging of demineralized histological 

sections of jack arms demonstrated an intensely fluorescent core compared with the outer 

shell of compact COM layers. The fluorescence of the core is consistent with an 

enrichment of organic material in this area in comparison to the surrounding COM layers. 

Furthermore, immunohistochemistry studies using THP showed supportive results 

(Figure 3.5). THP is a unique glycoprotein exclusively expressed in the kidney, 

specifically in the distal renal tubular cells lining the thick ascending limbs (Jaggi, 2007) 
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(El-Achkar, 2013). Proteomic studies on urinary stones have also demonstrated the 

abundance of THP in pulverized and LMD stone samples (Canela, 2021) (Witzmann, 

2016) (Wesson, 2019). We undertook this part of the study simply to see if a very 

abundant urine (and stone) protein would show any differential distribution between jack 

arm core and shell. Our results demonstrated that THP showed greater signal in the 

radiolucent core of jack arms than in the mineral-rich shell. However, our 

immunohistochemistry experiments could not test whether THP was enriched relative to 

other proteins and is thus, a critical caveat in our study. 

Another inherent limitation to our study is that most of our calculi came to us 

unidentified. Thus, we are unable to provide a precise report on the number of jackstones 

originating from either bladder or kidney. However, based on the analyses conducted on 

the known renal jackstones and comparing them to the others in our collection, we were 

unable to detect inner structural or compositional differences.  
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3.5 Conclusion 

We studied a large collection of human jackstones and found that they were 

composed of COM but that the jack arms invariably contained a radiolucent core that was 

rich in organic material, apparently protein. Micro CT visualization of growth layers 

showed that the jack arms grew at a faster radial rate than their respective bodies, with 

the jack arms extending in a straight direction. We propose that there are proteins in the 

core of the jack arms that drive this peculiar growth. Discovery of these proteins could 

provide clues as to how urinary stones, in general, grow in size.  
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Figure 3.1: Jackstones possess radiolucent cores within their distinctive arm 

protrusions  

A. Representative jackstone with one arm protrusion on millimeter (mm) paper. B. Micro 

CT slice showing the center of the stone and core of the jack arm. The center of this stone 

has an X-ray lucent region (dark) which probably indicates a protein-rich, mineral-poor 

region (white asterisk). This dark region is surrounded by layers of apatite which then 

give way to nearly pure calcium oxalate monohydrate (COM) appearing in light gray by 

micro CT. The beginning of the jack arm apparently is the X-ray lucent area marked with 
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a white arrowhead (Arm genesis). The core of the jack arm (white arrowheads) has 

alternating dark regions (protein-rich) and X-ray bright lines (apatite), and both the 

enrichment of protein and the presence of apatite were verified by infrared spectroscopy 

(FT-IR). Layering of this stone, seen most easily in the apatite layer indicated by the 

white arrows, moves from body of stone out onto the jack arm, indicating that the arm 

grew at a faster rate than did the body of the stone. This stone was 1 of 14 jackstones in a 

patient specimen that included an additional 25 non-jackstones. Note the flattened surface 

of the stone opposite to the jack arm, suggesting that this stone was packed rather tightly 

among the other stones as they grew. Scale bars = 1 mm  
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Figure 3.2: Jackstone found in a renal calyx of a stone patient  

A. Ureteroscopic view of a seven-arm jackstone in a renal calyx; the calyx is 

approximately 1 cm across. B. Micro CT image slice of one of the arms from A, which 

shows a radiolucent core (white arrow) and minimal traces of apatite (white arrowheads) 
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within what is predominantly calcium oxalate monohydrate (COM) mineral. Scale bar = 

500 µm  
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Figure 3.3: Very large renal jackstone taken during robotic pyelolithotomy  

A. Photomicrograph of entire stone specimen on mm paper. The jackstone is about 3 cm 

wide; none of the smaller stones collected in the same region of the kidney showed jack 

arms. B. Surface rendering of jackstone, from micro CT (rotated up and slightly to the 

left in comparison to orientation in A to show all 5 arms). C. Slice through micro CT 

image stack to show the characteristics of one of the jack arms.  
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Figure 3.4: Cross-section of a jackstone arm using micro CT and fluorescent 

microscopic methods  

A. Micro CT of the jackstone arm before demineralization and sectioning alongside its 

virtual cross section. Scale bar = 500 µm. B. A maximum projection image showing the 

native fluorescence of the jackstone arm cross-section; a core region glows brilliantly 

with autofluorescence compared to the shell region. The disaggregation of layers, 

especially in the shell, is apparently due to a lack of adequate protein for fixation as 

mineral was removed. The core of the arm showed less collapse, which also points to it 

having a richer protein content than in the COM shell. The highly bright outer regions 

outlining the cross section may possibly be depicting a higher protein content in those 

areas or, more likely, an edge artifact. Scale bar = 200 µm  
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Figure 3.5: Immunohistochemistry showed that THP content was richer in the 

jackstone core region than in the COM shell  

Negative controls (A & C, scale bars = 50 µm) of human renal tissue and a demineralized 

jackstone cross-section showed no positive reaction with the secondary antibody in the 

absence of antibody to Tamm-Horsfall protein (THP). Panel C shows a successful 

positive control of THP in human renal tissue, with thick ascending limbs staining brown 

for THP (black arrowheads). Panel D shows THP aggregation (black arrowheads) in the 

core of the jackstone protrusion (B & D, scale bars = 100 µm). All samples were 

counterstained with hematoxylin. Note that immunohistochemistry experiments did not 

show distinction between an inner and outer core as in Figure 3.4.  
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Figure 3.6: Hypothesis for growth of a jackstone arm  

A. The initial deposition of specific urine protein aggregates (green mass) on to the 

surface of a calcium oxalate monohydrate (COM) stone. B and C. Preferential binding of 

additional urine protein aggregates permits the laying down of additional and nascent 

COM layers around the stone and the protein aggregate, allowing for arm growth and 

extension. D. As more urine proteins deposit on to the protrusion, more COM layers are 

laid allowing the arm to grow at a faster rate than the stone body.  
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Jackstone Specimen Data 

Specimen Number of 

Jackstones 

Average # 

of Arms  

Average arm 

diameter (µm) 

Predominant 

Mineral 

Type 

6238 1 10 1362 COM 

16162 1 3 1517 COM 

25961 2 2 755 COM 

29638 1 1 1424 COM 

40107 1 6 1078 COM 

41165 1 6 818 COM 

41222 1 3 1611 COM 

48658 1 3 1465 COM 

66118 1 2 1902 COM 

69008 1 14 928 COM 

98287 1 3 1334 COM 

99835 1 3 1063 COM 

100828 1 6 1271 COM 

100860 1 2 700 COM 

101277 1 1 3698 COM 

101763 1 1 2320 COM 

104304 1 3 1846 COM 

118247 1 10 1712 COM 

123451 1 2 1295 COM 



64 

130934 2 4 1675 COM 

141335 1 1 1083 COM 

146118 1 5 1382 COM 

146193 1 5 752 COM 

147033 1 8 1046 COM 

149268 2 3 987 COM 

157517 1 12 2097 COM 

105308 1 1 3639 COM 

143180 3 2 1024 COM 

144902 2 1 1128 COM 

158364 5 4 1259 COM 

26346 1 5 724 COM 

40502 1 5 500 COM 

41966 1 6 919 COM 

4593 2 3 1663 COM 

5612 1 3 1421 COM 

588092 1 3 2526 COM 

89601 1 4 1125 COM 

93642 1 2 1044 COM 

KRP296b 1 7 1647 COM 

KRP384 1 4 857 COM 

KRP385B 1 2 1893 COM 

P1301 14 2 928 COM 
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P1302 1 11 6295 COM 

P1315 4 4 1032 COM 

P1316 2 4 1019 COM 

P1352 1 5 4649 COM 

P1364 6 4 797 COM 

P1370 9 2 1912 COM 

P1386 8 5 690 COM 

P1400 1 2 1463 COM 

 

Table 3.1: Jackstone Specimen Data 

List of the jackstone specimens studied by micro CT. The average number of arms and 

average arm diameter are listed in the table above. The jackstones appeared to be 

composed, predominantly, of calcium oxalate monohydrate (COM) by micro CT. 
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Clinical and Surgical Data on Patients with Jackstones 

 
Patient 1 

(Figure 3.2) 

Patient 2 

(KRP384 in 

Table 3.1) 

Patient 3 

(KRP385 in Table 3.1) 

Age 71 67 62 

Sex F F M 

Body mass index 47 19 46 

Age at first stone 63 16 39 

Number of 

procedures 

4 6 3 

Hypertension Yes no No 

Diabetes Yes no No 

Medullary 

sponge 
no Yes No 

Surgery perc perc perc 

Number of 

jackstones 

1 1 1 

Number of 

stones removed 

21 17 6 

Volume of 

stones/kidney 

(mm3) 

196 139 360 
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Stones on 

Randall’s plaque 
0 0 0 

Stone apatite % 

(by volume) 

18 6 0.1 

Plugging score 

(average) 

1 2 0.67 

Pitting score 

(average) 

0 0.33 0 

LoC score 

(average) 

0 0.17 0.33 

RP score 

(average) 

0.67 0 0.33 

% plugging 

(average) 

0.8% 2.1% 2.3% 

% Randall’s 

plaque (average) 

0.8% 0.0% 0.5% 

#papillae with 

dilated 

ducts/kidney 

1 5 1 

Stone culture — no growth no growth 

Urine culture — no growth no growth 

Serum creatinine 

(mg/dL)  

0.9 0.9 1.1 
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Serum calcium 

(mg/dL) 

9.4 9.8 9.2 

Serum uric acid 

(mg/dL) 

6.5 4.2 6.8 

24-hour urine 

volume (L) 

2.1 2.2 1.2 

24-hour urine pH 5.8 5.7 5.4 

24-hour urine 

citrate (mg) 

672 193 484 

24-hour urine 

calcium (mg) 

293 130 101 

24-hour urine 

oxalate (mg) 

44 31 53 

24-hour urine 

sodium (mEq) 

238 114 197 

24-hour urine 

CaOx 

supersaturation 

8.6 5.1 7.3 

24-hour urine 

brushite 

supersaturation 

0.8 0.2 0.4 

 

Table 3.2: Clinical and Surgical Data on Patients with Jackstones 
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Perc, percutaneous nephrolithotomy. Stone voluments, percent apatite, and Randall’s 

plaque identification done by micro CT (Williams, 2015). Papillary scores (Plugging, 

etc.) by Borofsky method (Borofsky, 2016). Papillary plugging and plaque surface area 

percentages as in Rivera et al. (Rivera, 2016).  
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Chapter 4: Collagen fibrils and cell nuclei are entrapped within Randall’s Plaque 

but not in CaOx matrix overgrowth: A microscopic inquiry into Randall’s Plaque 

Stone Pathogenesis 

4.1 Introduction  

It is estimated that one-in-eleven people in the United States will have a kidney 

stone event in their lifetime, and more than half of those individuals will have stone 

recurrence within ten years of their first episode (Scales, 2016). Kidney stones have been 

associated with an increased risk of end-stage renal failure, chronic kidney disease and 

metabolic syndrome (Hung CT, 2020) (Johri, 2010). Currently, there are limited 

treatments or preventative measures for kidney stone disease (Moe OW 2011 and Khan, 

2021). 

Approximately 80% of all kidney stones are composed of calcium oxalate 

(CaOx), yet very little is known about the precise mechanisms underlying CaOx stone 

formation (Worcester 2010) (Williams & McAteer, 2013) (Bird & Khan, 2017). Previous 

research suggests that as many as half of all CaOx patients grow their stones on 

interstitial Randall’s plaque (Daudon 2015, Linnes 2013). Randall’s plaque is commonly 

described as the calcium phosphate deposition in the renal papillary interstitium (Randall 

1937 and Evan 2003). Though the growth of CaOx stone on Randall’s plaque was 

described decades ago, the actual process by which CaOx stone formation occurs on 

Randall’s plaque remains unknown. It is widely accepted that part of this process 

involves the breaching of the renal papillary epithelium, exposing interstitial calcium 

phosphate plaque to urinary proteins (Evan 2007 and Khan 2015); but the mechanisms by 

which this breach occurs remains elusive. When urinary molecules come in direct contact 
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with the interstitial plaque, the plaque can serve as a nucleation site for overgrowth of 

CaOx. As a result, CaOx stone layers grow onto Randall’s plaque and the nascent stone 

remains anchored to the renal papilla and probably can grow episodically (Williams 

2017). As CaOx stones grow larger, they can cause symptoms while they remain 

anchored to the papilla or when they detach and become lodged in the renal calyceal 

space, pelvis, or ureter (Cifuentes, 1987). 

Study of the interface where urinary molecules deposit onto exposed Randall’s 

plaque has been very limited. Evan et al. describe sections of two stones taken as biopsy 

specimens (where stones were still anchored to papillary tissue); one of these was 

demineralized and studied using electron microscopy and the other was partially 

demineralized and studied using light and infrared microscopy methods (Evan, 2007). 

Sethmann et al. studied the plaque overgrowth region of a cleaved stone using scanning 

electron microscopy (Sethmann, 2017). The observations from these studies were largely 

focused on the minerals found within this region. 

We conducted an interrogation on Randall’s plaque stones using recently 

developed methodologies that enable controlled orientation of a nephrolith during 

decalcification and sectioning (Canela, 2021). The objective of this work is to describe 

the microenvironment of Randall’s plaque that had nucleated stone growth, explore its 

molecular composition and to differentiate interstitial plaque from CaOx overgrowth 

(Canela, 2021).  
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4.2 Materials and Methods 

Randall’s plaque stone source 

Randall’s plaque stones were collected from patients during surgery 

(percutaneous nephrolithotomy or stone removal by ureteroscopy) (Table 4.1). A 

standard protocol for the study of kidney stone patients approved by the Indiana 

University (IU) Institutional Review Board (IRB) committee (IRB protocol 

#1010002261) was followed throughout the present study. 

Micro CT imaging 

Dry Randall’s plaque stones were photographed and scanned using micro-

computed tomographic (micro CT) imaging to verify and determine the presence of 

plaque and stone mineral composition. The stones were scanned using a Skyscan 1172 

micro-CT system (Bruker-MicroCT, Kontich, Belgium) at 60kVp, 0.5-mm Al filter, for a 

final voxel size of 4-8 µm (Williams 2021). 

Demineralization  

Randall’s plaque stones were embedded in HistoGel (Thermo Fisher Scientific, 

Waltham, Massachusetts) along with a fiducial marker and rescanned by micro CT to 

confirm stone orientation (Canela, 2021). The embedded stones were then fixed and 

demineralized with 5% paraformaldehyde (PFA) and 10% ethylenediaminetetraacedic 

acid, pH 7.2-7.4. Demineralization was carried out at room temperature on a shaker at 

low speed, and the solution was replaced daily. Micro CT was used throughout this 

process to track the demineralization and to confirm its completion (Canela, 2021). After 

stones became transparent by micro CT, they were kept in 5% PFA, at 4ºC, prior to 

histological processing and sectioning. 
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Staining and imaging of demineralized stones 

Decalcified stones were dehydrated through a series of graded ethanol 

concentrations and then embedded in paraffin. Paraffinized and unstained (label-free) 

sections of stones were imaged by fluorescence on a Leica TCS SP8 imaging system; and 

multiphoton excitation at 910 nm for second harmonic generation (SHG) imaging was 

used for collagen detection (Ferkowicz, 2021). Subsequent staining of human renal tissue 

and demineralized stone sections were deparaffinized, permeabilized with 0.05% Triton 

X-100 and stained using 7-aminoactinomycin D (7-AAD) (Thermo Fisher Scientific, 

Itasca, Illinois, USA) or 4’,6-diamindino-2-phenylindole (DAPI) (Vector Laboratories, 

Burlingame, CA, USA) for DNA detection. Additional sections were stained by routine 

hematoxylin & eosin (H&E) methods. Observations were all done in triplicate, except 

where noted. 

Immunofluorescence  

Immunofluorescence imaging was also used for detection of vimentin (VIM) and 

the leukocyte common antigen or cluster of differentiation 45 (CD45) in kidney cortical 

and Randall’s plaque stone sections. Paraffin-embedded slides of kidney and stone 

sections were deparaffinized, rehydrated with graded ethanol concentrations and then 

incubated in preheated sodium citrate buffer solution (10mM sodium citrate, 0.05% 

Tween 20, pH 6.0) or in Antigen Unmasking Solution (REF# H-3300) (Vector 

Laboratories) for 1 hour. Sections were blocked in 10% normal donkey serum for at least 

1 hour at room temperature, followed by primary antibody or conjugated-primary 

antibody incubation at room temperature overnight. Antibodies used included Anti-

Vimentin Antibody (Santa Cruz Biotechnology, Inc., Dallas, TX; SC-66002), and 



74 

purified anti-human CD45 Antibody (BioLegend, San Diego, CA; cat# 304002) 

conjugated to Alexa Fluor ® 488. Sections were then washed with phosphate-buffered 

saline with 0.05% Tween 20. Vimentin treated sections were probed with Alexa® dye-

conjugated secondary antibody, anti-mouse-647 and washed again with phosphate 

buffered saline with 0.05% Triton X. Vimentin treated sections were counterstained with 

DAPI; CD45 treated sections were counterstained with 7-AAD. Following final washes 

with phosphate-buffered saline, sections were mounted with glass coverslips using 

ProLongTM Glass Antifade Mountant, (Thermo Fisher Scientific, Waltham, MA; REF# 

P36980).  
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4.3 Results 

Micro CT analyses of our Randall’s plaque (RP) stone specimens showed 

moderate x-ray attenuation in the spaces of lumens of vessels and/or tubules (Williams 

2017). Figure 4.1A shows a 3D reconstruction using micro CT of a Randall’s plaque 

stone (Patient 1 from Table 4.1) before demineralization (Figure 4.1 panel A). The same 

stone was embedded in HistoGel and completely demineralized in panel B (Figure 4.1B). 

RP orientation was achieved with the aid of fiducial markers despite the loss of mineral 

and protein in both plaque and organic matrix during treatment. No mineral was 

detectable by micro CT after the demineralization treatment, yet the overall structure of 

the stone was retained. 

The demineralized unstained sections of Randall’s plaque stones were analyzed 

by autofluorescence. The results consistently showed that the plaque region that was 

apatite-rich exhibited endogenous fluorescence in the far-blue spectrum (Figure 4.1C, 

white arrowhead) as opposed to the CaOx overgrowth which appeared mostly with 

yellow and green fluorescence range (Winfree 2020). Notice the artifactual void between 

the outer edge of the stone and the remainder of the overgrowth (white arrows); it appears 

that most of the organic matrix from the CaOx overgrowth region had pulled away from 

the gel, perhaps as a result of the dehydration process before paraffin embedment.  

Figure 4.2 (panels A and B) shows two additional Randall’s plaque stones. Each 

panel shows different slice orientations of demineralized Randall’s plaque along with its 

corresponding higher magnification in the image inset (Figure 4.2A and 4.2C). The two 

Randall’s plaque stone sections were examined for fibrillar collagen using SHG imaging. 

Both Randall’s plaque stones demonstrated collagen enrichment exclusively within areas 
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of decalcified Randall’s plaque by SHG (Figures 4.2B and 4.2D). Stones analyzed by 

SHG showed variability in the amount of surface area covered by collagen. From the six 

different Randall’s plaque stones assessed using SHG imaging, all six consistently 

showed collagen fibrillary bundles exclusively in regions of Randall’s Plaque. 

Following confirmation of the autofluorescence pattern and presence of collagen 

within demineralized Randall’s plaque stones, sections were tested for the presence of 

cell nuclei. Traditional hematoxylin and eosin (H&E) and staining with 7-AAD or DAPI 

revealed cell nuclei in areas of demineralized Randall’s plaque but not in the regions of 

CaOx matrix overgrowth (Figure 4.3). Figure 4.3 shows three examples of the cell 

nuclei observed in our demineralized Randall’s plaque stones. The first section (Figure 

4.3A) is an example of the same Randall’s plaque stone shown in Figure 4.2A and 

Figure 4.2B. This plaque region presented with a highly enriched area of cell nuclei. 

Figure 4.3B shows a different Randall’s plaque stone showing cell nuclei on the edge of 

the plaque region. The 7-AAD positivity was observed exclusively in the area that was 

highly-auto fluorescent in the RP blue-channel but not in the CaOx overgrowth region. 

The cell nuclei in panel A appear to be in close proximity to one another and oval in 

shape. The Randall’s plaque stone section from patient 2 showed markedly less 7-AAD 

positivity (Figure 4.3B); the nuclei were few in number, found only at the edge of the 

plaque, and appeared not as close to each other as the former example. The third section 

in Figure 4.3C shows an enlarged region of cell nuclei stained with DAPI in a Randall’s 

plaque stone from patient 4. These nuclei also appear relatively close together in 

proximity as opposed to those in Figure 4.3B.  
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Subsequent to our cell nuclei discovery in plaque, we sought to begin the 

characterization of these plaque-entrapped cells. Figure 4.1 shows plaque nuclei staining 

positive for either vimentin or CD45. In Figure 4.4A and 4.4B, we show DAPI positive 

nuclei with variable vimentin expression in a Randall’s plaque stone section. 

Additionally, Figure 4.4D and 4.4E depict 7-AAD positive cell nuclei with CD45 

positive expression in a Randall’s plaque stone section.  
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4.4 Discussion  

The data presented in this paper offer a novel method to study plaque and stone 

formation. By performing high resolution imaging of human Randall’s plaque (RP) stone 

samples, we offer a direct inquiry and exploration into the microenvironment of RP to 

unravel important details concerning RP and CaOx stone pathogenesis.  

Ultrastructural analysis on Randall’s plaque suggests that calcium phosphate 

deposition in the papillary interstitium becomes intimately associated with type I collagen 

fusing into a “syncytium” of mineral (Evan et al, 2008 and Khan, 2016). Our results with 

SHG imaging to detect fibrillar collagen support the idea that collagen and cellular 

products play a role in plaque formation. We propose complex processes by which 

calcium phosphate mineralization traps surrounding collagen (now mineralized) along 

with interstitial cells (yet to be defined), papillary epithelial cells or a mix of different cell 

types. As calcium phosphate plaque progresses toward the calyceal space, the plaque 

contacts urine supersaturated for CaOx (Khan, 2016), initiating the formation of a nascent 

CaOx stone growing anchored to Randall’s plaque.  

SHG imaging for collagen detection has its limitations. SHG cannot be used for 

the imaging of all types of collagens (Sugita, 2021). Collagens I and II readily provide 

strong SHG signal while type III collagens show very weak SHG signal (Chen X, 2012) 

(Sugita, 2021). Interestingly, certain regions within plaques from our stone sections 

analyzed did not provide strong SHG signals (e.g., Figure 4.2B), indicating the possible 

presence of collagen type III associated with RP (or other types of collagens [type IV, VI, 

XV] associated with renal fibrosis) or, inexplicably, the complete absence of collagen in 
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some regions of mature RP (Alexakis C, 2005) (Mozes MM, 1999) (Uchio K, 1999) 

(Muona A, 2002) (Groma V, 1998).  

Our identification of preserved nuclei with ordinary morphology in plaque is an 

important finding that would be nearly impossible without the methods described. 

Indeed, our findings highlight, for the first-time in stark resolution, cell nuclear structures 

in stone associated RP but not always intimately associated with the collagen detected by 

SHG. Earlier studies investigating the mucoprotein matrix of urinary calculi, but not of 

Randall’s plaque stones, suggest the presence of preserved cell nuclei within the matrix 

of decalcified calcium phosphate urinary stones (Boyce, 1956). Boyce and Sulkin 

affirmed that smooth muscle cells, fibroblasts, lymphocytes, monocytes and transitional 

epithelial cells were present in their decalcified calcium phosphate stone samples. The 

cell nuclei identified in this study focused on CaOx stones having grown on to RP 

(interstitial calcium phosphate) and anchored to the renal papilla. 

In Randall’s plaque stones analyzed for nuclei (from six different patients), we 

identified the presence of nuclei in variable quantities. Nuclei were observed lining the 

edges of the plaque (presumably the tissue side) and not always congregating within the 

CaOx stone matrix. Interestingly, stones showing strong SHG signal did not always 

correlate with strong nuclear positivity. In the case of the stone shown in Figure 4.2D, 

we detected high fibrillar collagen throughout the plaque. But when the same stone was 

tested for the presence of nuclei, only a relatively low number were detected and on the 

edge of the plaque (Figure 4.3D). It is plausible that the mineralized plaque environment 

impacts the correlation of collagen fibers and cellular proliferation, but the question 

remains as to how this occurs. An alternative view is the possibility that cell death 
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(apoptosis and/or necrosis) may not be a prerequisite for the normal process of the 

formation of fully mineralized Randall’s plaque; instead, it might be a secondary 

response following mineralization. Perhaps, during the pre-mineralization phase, 

papillary cells respond to local injury signals by initiating a set of complex molecular 

cascades that, in combination with mineral imbalance, promote ectopic mineralization 

(Evan, 2003) (Taguchi, 2017) (Khan, 2021). 

Indeed, our immunofluorescence data offers support to previously proposed 

theories on RP genesis. First, the localization of vimentin (Figure 4.4B) supports the idea 

that mesenchymal-like cells are present in the RP stones (derived from the mineralized 

papilla). If mesenchymal-like cells play a role in the mineralization of the papillary 

interstitium, how did they get there? Are mesenchymal-like cells native to the connective 

tissue environment of the papillary interstitium or are there active epithelial-to-

mesenchymal transitions (EMT) actively occurring in the renal papilla (Gambaro, 2008) 

(Convento, 2017) (Convento, 2019) (Leggett, 2021)? Researchers on RP genesis 

hypothesize that tubular epithelial cells in the kidney acquire a bone-like or an osteogenic 

phenotype (upregulation of BMP2, BMP7, collagen, OPN, MGP, OPG and vimentin 

[VIM]) during the extracellular remodeling that occurs in calcification and, likely in the 

development of RP (Yiu, 2015) (Khan, 2015) (Joshi, 2015). Alternatively, if some of the 

RP nuclei are epithelial cells, are we identifying mesenchymal-derived cells that stem 

from an EMT occurring during the pre-mineralization phase (Gambaro, 2004) (Thiery, 

2006) (Joshi, 2015) (Khan, 2015)? Thus far, our data only support the presence of VIM+ 

or CD45+ nuclei, and collagen in RP stones. Does the identification of CD45 provide 
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additional support for the presence of mesenchymal cells or an osteogenic-like 

phenotype? 

CD45, or previously the leukocyte common antigen, detection is commonly used 

for the localization of all leukocytes or cells of hematopoietic origin, including 

osteoclasts (Shivtiel S, 2008) (Hermiston ML, 2003). A role has been attributed to 

immune cells and inflammation in connection to RP genesis and CaOx stone formation as 

well as extensive quality reviews (Khan, 2014) (Taguchi, 2017) (Tang, 2019) (Khan, 

2021). Our CD45 (Figure 4.4D) immunofluorescence study suggest that some of our RP 

stone nuclei appear to retain the common leukocyte antigen signature. An important 

question remains: are these cells residents of the renal papilla or are they migrating 

(infiltrating) to the papilla as a response to localized injury? Further, if these cells retain 

an immune cell function, are they contributing to the maintenance of crystallization or to 

promoters of crystallization? If not, is it possible that these CD45+ cell nuclei may be 

evidence of an osteogenic-like cell phenotype contributing to extracellular (collagen) 

remodeling and calcification? Here we can only speculate and emphasize the need for 

future studies investigating the role of immune cell activity and/or osteogenic-like 

transformations in the development of RP and CaOx stone formation. In essence, we can 

at present only provide data supporting the identification of cell nuclei with some VIM+ 

and CD45+ nuclei. The true nature of cells and their role within plaque are yet to be 

determined and warrant further investigation. 

A major limitation to this report rests upon the fact that our data do not offer a 

complete story as to how these constituents (collagen, nuclei) contribute to the direct 

production of plaque in the renal papilla and if they have a direct role in the formation of 
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the CaOx stone matrix. Our findings support the predominant theories or hypotheses of 

RP genesis and CaOx stone formation. Although we tested for a few biomarkers (VIM 

and CD45) for cell characterization, we have yet to confidently affirm the presence of a 

specific cell type or types embedded within RP stones. Another caveat from our study is 

that we only tested a limited number of RP stones for our immunofluorescent studies (n = 

2 RP stones for CD45 and n = 3 RP stones for VIM). However, this work illustrates an 

important feature of RP stones (the presence of VIM+ or CD45+ cells) by outlining the 

fundamental principles of properly handling RP stones for demineralization and 

innovative testing using imaging and molecular biology techniques. We believe that these 

methods will be important in future studies on RP development and CaOx kidney stone 

formation.  



83 

 

Figure 4.1: Demineralization of a Randall’s Plaque (RP) stone  

A. A 3-D reconstruction of calcium oxalate (CaOx) stone surface growing on RP using 

micro-CT before the demineralization treatment. B. The same RP stone from 1A 

suspended in gel and completely demineralized. Note that the structure of the stone is 

completely retained, even though no mineral was detectable by micro-CT. C. This 

section, in maximum intensity z-projection, shows RP in blue (arrowhead) and the CaOx 
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matrix in the green-yellow range. An artifactual void between the outer edge of the stone 

and the edge of the CaOx overgrowth can be seen (white arrows) indicating that 

shrinkage of CaOx matrix away from original boundary has occurred (probably during 

the dehydration process before paraffin embedment). Scale bar = 250 µm. 
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Figure 4.2: Second harmonic generation (SHG) of decalcified Randall’s Plaque 

shows collagen fibrils 

A. Autofluorescence in region of demineralized Randall’s plaque (stone different from 

the one in in Figure 1). Spaces of apparent cell nuclei in plaque are seen. B. Second 

harmonic generation (SHG) visualization of collagen fibrils (arrowheads) in specimen 

shown in A. SHG shows collagen fibers in part of Randall’s plaque but not throughout 

the entire plaque region. Region of plaque devoid of SHG signal is indicated by an 

asterisk. C. Randall’s plaque stone from patient 2 (Table 4.1), histologically sectioned 

through a different plane, showing a plaque region (in blue) and the surrounding CaOx 

matrix. D. SHG of section C shows that collagen fibrils (arrowheads) were observed 

coursing throughout the plaque section (scale bars = 25 µm).  
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Figure 4.3: Cell nuclei in demineralized Randall’s plaque stain with 7-AAD or DAPI 

A. A specific region of a demineralized Randall’s plaque stone (patient 1) shows enriched 

cell nuclei positivity with 7-AAD (white arrowhead, nucleus). B. A Randall’s plaque 

stone section from patient 2 displaying a few cell nuclei at the edge of the demineralized 

plaque, presumably from the tissue side. Notice the quantitative differences between the 

numerous nuclei in A and sparser nuclear region in B (scale bar = 25 µm). C. Enlarged 

region of cell nuclei in plaque stained with DAPI from patient 4. This stone section was 

quenched with 50mM NH4Cl to reduce native fluorescence from the stone (scale bar = 5 

µm).  
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Figure 4.4: Entrapped cell nuclei from Randall’s plaque stones express vimentin or 

CD45 

A. Randall’s plaque stone section showing nuclei positivity with both DAPI and VIM 

(white arroheads) (scale bar = 100 µm). B. Inlet of A (scale bar = 5 µm). C. A cortical 

section of human kidney showing DAPI (blue) and VIM positivity (red) (scale bar = 5 

µm). D. Randall’s plaque stone with 7-AAD (red) positive nuclei with variable CD45 

(green) positive expression (scale bar = 25 µm). E. Inlet of D (scale bar = 5 µm). F. A 

cortical section of human kidney showing 7-AAD (red) positive nuclei (white arrowhead) 

and CD45 expression (green).  
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Clinical and surgical data on patients with Randall’s plaque stones 

 Patient 1 Patient 2 
Patient 

3 

Patient 4 Patient 5 Patient 6 

Age 56  78 66 63 32 25 

Sex M M M F M M 

Body mass 
index 

— 33 23 20 19 22 

Age at first 
stone 

28 37 65 12 22 25 

Hypertension No No No No No No 

Diabetes No No Yes No No Yes 

Surgery URS URS URS Perc Perc URS 

Stone culture — — No 
growth 

— No 
growth 

— 

Urine culture — Positive No 
growth 

Positive No 
growth 

— 

Serum 
creatinine 

(mg/dL)  

— 1.33 1.1 0.79 1.1 0.9 

Serum calcium 
(mg/dL) 

— 9.6 8.5 9.5 9.8 9.3 

Serum uric acid 
(mg/dL) 

— 5.3 4.5 3.2 6.6 5.9 

24-hour urine 
volume (L) 

3.1 2.87 2.49 1.75 2.5 2.8 

24-hour urine 
pH 

5.5 6.61 5.8 6.1 6.36 6.18 

24-hour urine 
citrate (mg) 

2059 1587 1324 265 604 374 

24-hour urine 
calcium (mg) 

100 278 122 123 172 157 

24-hour urine 
oxalate (mg) 

71 35 58 8 58 32 

24-hour urine 
sodium (mEq) 

— 226 107 36 185 143 

24-hour urine 
CaOx 

supersaturation 

2.85 4.66 5.2 1.21 5.4 3.33 

24-hour urine 
CaP 

supersaturation 

— 1.55 0.5 1.37 1.22 0.68 

7-AAD or 
DAPI 

positivity 

+, Figure 
4.3A 

+, Figure 
4.3B 

+ +, Figure 
4.4C 

+ + 
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VIM or CD45 + CD45, 
+VIM 

— + CD45, 
+VIM 
Figure 
4.4D 

(CD45) 

+VIM, 
Figure 
4.4A 

— — 

 

Table 4.1: Clinical and Surgical Data on Patients with Randall’s Plaque Stones 
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Chapter 5: Spatial Transcriptomics of the Human Kidney Papilla reveals signaling 

pathways of Leukocyte Activation, Response to Oxidative Stress, Ossification and 

Extracellular Structure Organization associated with Nephrolithiasis 

5.1 Introduction 

Nephrolithiasis (kidney stone disease) is common and, on the rise (Scales, 2012) 

(Sorokin, 2017). The recurrence rate of nephrolithiasis is reported to be at least 50% 

within the first 5-10 years of the first stone episode (Khan, 2017) (Tasian, 2017). Stone 

disease has been previously described as a complex disease having a multifactorial 

etiology affected by both genetic and environmental factors (Coe, 2010) (Howles, 2020). 

Despite important efforts by researchers to describe its pathophysiology, the precise 

mechanisms contributing to kidney stone pathogenesis remain incomplete (Khan, 2021). 

Multiple theories have been proposed to describe stone disease formation (Coe, 

2010) (Khan 2021). A predominant view of stone disease is the pathway involving 

idiopathic calcium oxalate (CaOx) stone formation on to interstitial apatite plaques 

(Randall, 1937) (Evan, 2006) (Williams, 2013) accompanied by urine CaOx 

supersaturation (Coe, 1992). This theory proposes that the deposition of calcium 

phosphate (apatite) in the renal papillary interstitium, specifically in the basement 

membrane of the loop of Henle, is in part due to hypercalciuria accompanied by a 

decrease in urine volume and pH of idiopathic CaOx stone patients (Kuo, 2003) (Evan, 

2006). The interstitial apatite (plaque) is then exposed to the supersaturated urine (likely 

due to papillary injury by unknown mechanisms). The exposed plaque serves as a nidus 

for CaOx crystals and urinary proteins which give way to the initiation and propagation 

of a nascent CaOx stone (Evan, 2007). 



91 

Experimental studies investigating plaque and stone formation suggest that stone 

disease may be driven by inflammation, oxidative stress (reactive oxygen species [ROS]), 

immune cell activity, components of the extracellular matrix, and osteogenic-like changes 

in the kidney papilla (Taguchi, 2017) (Khan, 2012) (Joshi, 2015) (Khan, 2016) (Khan 

2021). However, clinical data to support these findings (immune cells, inflammation, 

osteogenic changes, etc.) are limited (Khan, 2021). Thus, it is challenging for researchers 

and clinicians to identify specific biomarkers for the identification of the early stages of 

stone disease, and for the development of efficient therapies for the treatment of de novo 

or recurrent kidney stone formers.  

The advent of spatially resolved transcriptomics has, more recently, lent its 

capabilities to conduct direct and novel inquiries of diseased and non-diseased tissue 

(Ståhl, 2016) (Moncada, 2020) (Raghubar, 2020). Moreover, the integration of spatial 

and single-cell transcriptomics has allowed for the direct identification of intracellular 

tissue dynamics and the uncovering of critical gene transcripts in diseased tissue 

(Ferreira, 2021) (Longo, 2021). 

The aim of our study was to identify molecular signatures unique to stone disease 

by spatial transcriptomics of the human kidney papilla. Differentially expressed genes 

(DEGs) and enriched pathways in stone forming papillae relative to reference tissue were 

identified. Supervised annotation of specific regions of the stone forming papillae 

provided us with a platform to further analyze the molecular effectors potentially 

involved in stone disease tissue. Our spatial transcriptomics data provides new data 

aimed to describing the potential role of biological, molecular, and cellular pathways 

involved in the development and progression of stone disease.   
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5.2 Materials and Methods  

Biopsy protocol 

Idiopathic CaOx patients undergoing percutaneous nephrolithotomy (for stone 

removal) had biopsy specimens taken from selected papillae during surgery (Evan, 2003). 

These procedures were part of the institutional review board (IRB) of Indiana University. 

Informed consent was obtained from all participants in this study. Additionally, a human 

reference (non-stone former) nephrectomy (without histological evidence of renal 

pathology) was obtained from the Biopsy Biobank Cohort of Indiana (Eadon, 2020) 

Slide preparation and mRNA extraction & sequencing 

Papillary tissues were frozen on dry ice in optimal cutting temperature (OCT) 

medium following extraction. Frozen 10 µm sections were mounted onto etched frames 

of the specialized Visium spatial slides with capture areas as instructed by 10x Genomics 

protocols (Visium Spatial Protocols—Tissue Preparation Guide, Document Number 

CD=G000240 Rev A, 10x Genomics). Tissue sections were fixed with methanol, 

subsequently stained with hematoxylin and eosin (H&E) and imaged by bright-field 

microscopy. Microscopic images were acquired according to protocols described by 10x 

Genomics protocols (Technical Note - Visium Spatial Gene Expression Imaging 

Guidelines, Document Number CG000241, 10x Genomics). Stained tissues were 

permeabilized and mRNA was extracted and bound to oligonucleotides on the capture 

areas on the Visium slides (Visium Spatial Gene Expression Reagent Kits, Document 

Number CD000239, Rev D, 10x Genomics [2020, October]). cDNA libraries were 

prepared and sequenced utilizing the NovaSeq 6000 Sequencing system by Illumina. 

Data Visualization 
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Gene expression mapping for spatial transcriptomic was achieved using 10x 

Genomics Space Ranger). with Human reference, GRCh38 (GENCODE v32/Ensembl 

98) provided by 10x Genomics. Cell Ranger processes data for alignment with barcodes 

within the 55 µm spots relative to the positioning of the stained tissue. The alignments 

are achieved using graph-based clustering algorithms and compiled into files for 

visualization by the 10x Genomics Loupe Browser (10x Genomics Loupe Browser 

5.0.0.). The Loupe Browser visualizes mapping of the RNA-sequencing counts to 

specific histological locations (55µm spots) and allows interactive functions for regional 

comparisons (such as marker gene analysis) (Ferreira, 2021). 

Comparison analysis within tissues were performed using the Loupe Browser; 

DEG comparisons across samples were performed using R and the R packages 

ReactomePA and ClusterProfiler as previously described in Ferreira et al. (Ferreira, 

2021). 

Immunofluorescent Staining and Imaging 

The immunofluorescence staining analysis and imaging conducted here closely 

follows the methods outlined by Makki et al. (Makki, 2020). Images were acquired using 

a Leica SP8 confocal microscope. Collected z-stack images were constructed and stitched 

using the Leica LAS X software.  
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5.3 Results 

Our data show, for the first time, transcriptomic maps of stone-forming and non-

stone forming renal papillae. These spatial transcriptomic maps allow us to observe the 

co-localization of specific gene transcript signatures throughout the renal papilla and to 

identify those that are differentially expressed when comparing normal to diseased tissue. 

Figure 5.1 outlines a workflow starting from the biopsies of kidney papillae, spatial 

transcriptomics, to future validation methods of potential candidate biomarkers for stone 

disease. 

Further, bioinformatic methodologies allowed us to perform bulk transcriptomic 

comparisons across tissues (e.g., non-stone reference papilla vs. stone-forming papilla). 

Figure 5.2 compares total gene expression between a non-stone reference papilla and 

three different stone-forming papillae (Reference vs. Stone 1, Reference vs. Stone 2, 

etc.), along with their respective enriched functional pathways (Figure 5.2). The 

comparisons consistently show multiple upregulated genes in the stone-forming papilla 

such as IGKC, IGHA1, FOS, ATF3, JUN, SOD2, SPP1, MMP7, MGP, TNFRSF11B, 

and CCL2; in contrast, we observe significant downregulation of APOD, GPX3 and 

HIF3A in the stone-forming papillae when compared to reference papillum. Some of the 

pathways include neutrophil mediated immunity, antigen processing and presentation of 

peptide antigen, myeloid cell differentiation, response to reactive oxygen species, 

regulation of ossification, and extracellular matrix organization. In Figure 5.3, we show 

the spatial and relative gene expression maps of MMP7 in reference and stone tissues. 
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Figure 5.4 shows supervised clustering based on the characterization of mineral 

deposits on to consecutive tissues of a stone former papillary specimen. DEGs and their 

respective enriched pathways are displayed (Figure 5.4). 

For preliminary validation of oxidative damage to stone papillary tissue (response 

to oxidative stress, inflammation, and macrophage activation), we sought to test for p-c-

JUN and CD68. Figure 5.5 shows preliminary immunofluorescent staining to validate 

the DEGs and pathways identified in stone forming papillae.  
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5.4 Discussion 

Spatial transcriptomics has allowed us to map the molecular signature of the stone 

forming papilla. This molecular map of spatially resolved transcriptomics in the papillae 

provides us with tools to discern some of the mysteries about the pathogenesis of kidney 

stone disease. 

Initial analyses compared the bulk transcriptomic signatures between stone and 

non-stone papillae (Figure 5.2). Thus far, our data shows upregulated genes, in stone 

forming papillae, that are of particular interest to us, given their association with 

pathways of inflammation and the immune response, reactive oxygen species (ROS), 

extracellular remodeling, and calcification or ossification. Moreover, these genes have 

great relevance to stone disease given the protein composition of the kidney stone matrix 

(Merchant, 2008) (Canales, 2009) (Kaneko, 2011) (Okumura, 2013) (Witzmann, 2018) 

(Wesson, 2019). Proteins encoded by genes S100A8, S100A9, MGP, SSP1, LTF, APCS 

and LYZ have been consistently found in the stone matrix and are found to be 

upregulated in the stone former papillae analyzed in the current study. Consistent with 

previous hypotheses (Khan, 2021), the stone forming papillae showed several 

consistently enriched pathways when compared to the non-stone forming papillum. These 

pathways include leukocyte mediated immunity (GO:0002443), response to oxidative 

stress (GO:0006979), ossification (GO:0001503) and extracellular structure organization 

(GO:0043062). More specifically the differentially expressed genes identified in the renal 

papillae correlated with significantly enriched pathways such as: neutrophil mediated 

immunity, neutrophil activation, myeloid cell differentiation, response to reactive oxygen 

species, osteoblast differentiation and extracellular matrix organization. These data 
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confirm the previously reported ideas that papillary kidney stone formation involves 

inflammation, the immune system, ROS and ossification-like events (Merchant, 2008) 

(Khan, 2017) (Taguchi, 2017) (Khan, 2014) (Joshi, 2015) (Khan, 2021). 

The spatial transcriptomic profiles of stone forming papillae have been unknown. 

Taguchi et al. explored genome wide gene expression on renal papillary Randall’s 

Plaques (RP) and non-RP, and showed upregulation of LCSN2, IL11, and PTGS1 in the 

RP patient tissue (Taguchi, 2017). Our work here expands on these findings by spatially 

resolving our transcriptomic data on to stone forming papillary tissue. We paid particular 

attention to MMPs since they were significantly increased in the CaOx papillae. 

Furthermore, matrix metalloproteinase (MMP) expression and activity have been shown 

to be increased in tissue injury and inflammatory diseases processes, and have been 

shown to modulate leukocyte influx, and play critical roles in extracellular remodeling 

(Manicone, 2008) (Bulow, 2019). Additionally, MMPs such as MMP7 and MMP9 have 

important roles in monocyte and macrophage activity as well as association to 

atherosclerotic plaque progression (Newby, 2015). 

In our comparisons, MMP9 (compare MMP9 in reference tissue to CaOx1 tissue 

sections) and MMP7 (compare MMP7 in reference tissue to CaOx1,2,3 tissue sections) 

appeared to be differentially expressed in the stone forming papillae (Figure 5.2). In 

Figure 5.3 we show the relative gene expression of MMP7 in reference tissue and three 

CaOx renal papillary tissue. MMP7 appears to be localized specifically to the renal 

tubular epithelia in the reference tissue as previously reported (Zhou, 2017) (Fu, 2019). 

However, in all three CaOx tissues, MMP7 appears to be spread out throughout the tissue 
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and not specifically limited by the tubular signatures. This points to the likelihood of 

these CaOx stone tissues showing sparse inflammatory/immune and tissue damage. 

Data in Figure 5.4 show how we manually annotated stone tissue papillae for 

gene expression analysis. Specific regions of the stone papillum were designated as either 

non-mineralized, contiguous to mineralized and mineralized regions. Our transcriptomic 

data suggests that as we move from the non-mineralized area to regions close to and, the 

mineralized tissue, we see more injury and immune gene profiles. Genes such as SSP1, 

LYZ, CHIT1, MMP9 tend to be consistently expressed near areas of mineralization 

within the stone forming papilla. This suggests too, that even within the stone forming 

papillum, we can organize the tissue into regions of relative injury by spatial 

transcriptomics. When comparing the non-mineralized region to the mineralized regions, 

some of the enriched pathways that are significant include the regulation of expression of 

SLITs and ROBOs (perhaps in leukocyte chemotaxis) (Tong, 2019), myeloid 

homeostasis, myeloid cell differentiation, and Fc gamma receptor mediated phagocytosis. 

The preliminary imaging studies validate our initial studies by spatial 

transcriptomics on the reference and stone papillae. The CaOx stone papilla shown in 

Figure 5.5 exhibits positivity to the injury ROS marker, phosphorylated c-JUN, and the 

macrophage activation marker, CD68. The reference papillum shown in Figure 5.5 tested 

negative for both phosphorylated c-JUN negative and CD68. 

Altogether, the studies and data presented here shows that spatial transcriptomic 

technology allowed us to map the molecular signature of the stone forming papillae. We 

present molecular and spatial data in support for leukocyte activation, response to 

oxidative stress, ossification and extracellular structure organization in kidney stone 
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papillae. Additionally, more studies are needed to validate some of the data presented 

here, including the MMP7 data. These studies are promising given the potential for 

translation into clinical applications.  
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Figure 5.1: Schematic from spatial transcriptomics to the targeting of urine markers 

for kidney stone diseases  

Illustrated are the ways that renal papillary biopsies were obtained, tissue sectioning, and 

mounting on a bead array that allows in situ capture of RNA from specific spots in the 

tissue section. The transcriptomic data from these beads are then analyzed (middle row) 

by both unsupervised and supervised clustering and in accord with histologic location 

based on the section. Genes that are indicated as differentially expressed in diseased 

tissue can then be looked for in urine.   
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Figure 5.2: Comparative bulk analysis between reference and stone papillae 

Comparative analyses between reference papillum and three CaOx stone papillae. A, C, 

and E show volcano plots displaying differentially expressed genes per bulk comparison 

along with their respective enriched pathways (B, D, F) G. Parental and child terms of 

the consistently enriched pathways throughout the bulk comparisons.  
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Figure 5.3: MMP7 is consistently upregulated in stone tissue biopsies  

The relative gene expression of MMP7 in a reference papillary section shows a specific, 

spatial co-localization (namely in the kidney tubules). The CaOx stone sections show a 

more dispersed signal of MMP7 throughout the tissue and not localized as seen in the 

reference tissue sections.   
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Figure 5.4: Areas contiguous to mineral and within mineral show upregulated genes 

such as MMP9, CHIT1 and SPP1 

CaOx stone kidney papilla sections were manually annotated into non-mineral, 

contiguous to mineral, and mineral categories for transcriptomic comparisons. A. 

Comparison between the non-mineralized region and contiguous to mineral region. 

Volcano plot displaying differentially expressed genes are shown along with enriched 

pathways. A violin plot is shown displaying the spatial map of MMP9 and its respective 

LogNorm value in its category. B. Comparison between non-mineralized and mineralized 

regions. Volcano plot displaying differentially expressed genes are shown along with 

enriched pathways. A violin plot is shown displaying the spatial map of CHIT1 and its 

respective LogNorm value in its category. C. Comparison between the contiguous 

mineral and mineralized regions. Volcano plot displaying differentially expressed genes 

are shown along with enriched pathways. A violin plot is shown displaying the spatial 

map of SPP1 and its respective LogNorm value in its category.  
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Figure 5.5: Validation of injury and immune cell activation in CaOx kidney stone 

papilla 

Immunofluorescence imaging of reference and CaOx kidney stone papillae for p-c-JUN, 

AQP1 and CD68. Reference papilla is p-c-JUN negative and CD68 negative. CaOx 

kidney stone papilla shows positivity for both phosphorylated-c-JUN (red) and CD68 

(green). 
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Chapter 6: Summary and Future Directions 

The work presented here describes novel and innovative techniques in the direct 

study of kidney stone matrix, Randall’s plaque stones and papillary biopsies. In the aim 

to further understand the pathophysiology of nephrolithiasis, we report unique 

methodologies, testable hypotheses and new discoveries in the field of kidney stone 

research. However, a complete mechanistic process describing the pathogenesis of kidney 

stone development and Randall’s plaque remains unclear. 

6.1. Demineralization and Sectioning of Human Kidney Stones: A Molecular 

investigation of the Stone Matrix 

The aim of this project was to develop an innovative methodology to study kidney 

stone matrix and to explore its molecular content. Pioneering work led by previous 

investigators demonstrated the feasibility of demineralizing and sectioning kidney stones 

to explore the organic matrix in kidney stones (Boyce, 1956) (Khan & Hackett, 1993). 

Indeed, much of the work described in Chapter 2 takes inspiration from their pioneering 

work. 

Our efforts not only demineralized and studied CaOx stones histologically. The 

methodology optimized the then current histological technique and extended its utility by 

methodically applying two novel and critical techniques. The first technique used micro 

CT to assess the degree of stone demineralization and for the precise positioning and 

orienting of the stones for histological sectioning and imaging. Secondly, we successfully 

applied the use of laser micro-dissection for the study of specific regions of interest in 

CaOx stone matrix. These techniques were essential for proteomic analyses of specific 

regions of interest. 
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We demonstrate the feasibility of yielding significant proteomic data with laser 

micro-dissected samples. The proteomic yield of laser micro dissected stone samples 

showed strong proteomic correlation with powdered CaOx stones. Proteins identified in 

the micro dissected stone samples included those associated with the regulation of acute 

inflammatory response, cellular response to oxidative stress, macrophage differentiation 

and reactive oxygen species metabolic processes. Those proteins include uromodulin, 

osteopontin, complement c3, fibrinogen alpha chain, vitamin K-dependent protein Z, 

mannan-binding lectin serine protease 2, protein S100 A8, protein S100 A9 and hundreds 

of others. The demonstration of successfully applying histochemical and proteomic 

techniques to kidney stones enables an in-depth molecular interrogation that is novel to 

better understanding the molecular processes dictating kidney stone formation. 

The heterogeneity of CaOx stone matrix provided insight into stone development. 

The fluorescence signatures in CaOx stone matrices indicated that the composition of 

matrix need not be constant in adjacent layers. This observation led us to test the co-

localization of uromodulin or THP—the most abundant of the urinary proteins. Our data 

showed that layers of CaOx stone matrix could be either devoid of or enriched in THP. 

These findings suggest that THP is unlikely a urine protein that is essential for the 

propagation of a stone given that it was untraceable in some of layers analyzed. 

Future Directions  

Future molecular studies of stone matrix will likely aid in describing mechanisms 

of mineral and organic layer deposition. Of particular interest, spatial mapping of the 

stone proteome will undoubtedly lead to a better understanding of stone growth, 

including renal anchoring mechanisms such as Randall’s plaque. For instance, 
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microdissection of bulk regions of demineralized Randall’s plaques, plugs or bone in 

kidney stones would provide an invaluable molecular understanding regarding the 

underpinnings of plaque, and plug growth as well as the crystal promotors of stone 

growth. A spatial map or atlas of different kidney stone anchoring types can be developed 

to compare and contrast the various mechanisms that may be contributing to the genesis 

of stone formation. Comparisons across and within stone types (plaque vs. plug) would 

add to our understanding of stone disease etiology. Thus, future utilization and 

optimization of these novel methodologies can begin to unlock some of the many 

mysteries of CaOx stone disease. 

6.2 Human Jackstone arms show a Protein-Rich and X-ray Lucent Core 

Jackstone calculi are rare stones occurring in kidney stone patients. We sought to 

investigate jackstone morphology and their mineral composition. We posited that if this 

rare, enigmatic, form of calculi development bears directional growth, then it may serve 

as a basis to understand general stone growth and formation. 

In Chapter 3, we reported a total of 98 jackstones in 50 patient specimens. The 

predominant mineral in all specimens was calcium oxalate, and primarily of the 

monohydrate form (COM). Micro CT analyses on jackstones revealed that their arm 

protrusions consisted of x-ray lucent cores encapsulated by typical layers of COM. The 

X-ray lucent core appeared to be extending outward from the body surface of the stone 

towards the arm protrusion. While the jackstone arms always contained a core of X-ray 

lucent material, this core did not extend into the center of the stone body. Our data 

suggested that an X-ray lucent core of the jackstone arm typically began as a mass of X-

ray lucent material on the surface of a typical stone (a nascent jackstone without arms). 
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From this point on, that initial mass on the surface of the stone serves a nidus for the 

growth and extension of the jack arm. 

From the data presented in Chapter 3, we deduced the following hypothesis for 

the jackstone growth phenomenon. Briefly, if a mass of protein were to deposit onto the 

surface of a stone and then be coated by a thin layer of CaOx, this then, would be the 

place where more protein would bind to the pre-existing protein mass, extending its 

dimensions away from the stone body. Subsequently, addition CaOx layers would 

thicken on unabraded sides of the initial protein mass, while leaving the tip most 

susceptible to repeated abrasion damage (from either surrounding stones or the urinary 

space). With such a cycle, urinary proteins that preferentially bound to the existing 

protein core would extend the protein core farther away from the stone body resulting in 

a jackstone arm. 

The exploration of the organic nature of the X-ray lucent cores was investigated 

using current IR methods and the innovative methodologies outlined in Chapter 2. 

Infrared spectroscopy (IR) analysis typically showed richer protein levels in core samples 

of jackstone arms as opposed to jackstone shell pieces. Additionally, we applied our 

demineralization methods to jackstone arms along with the careful orienting techniques 

for proper microscopic imaging. Microscopic imaging of the demineralized jackstone 

arms demonstrated an intense fluorescence at the core compared with the outer shell of 

compact COM layers. The fluorescence of the core is consistent and in agreement with an 

enrichment of organic material in this area in comparison to the surrounding COM layers. 

Furthermore, immunohistochemistry studies using THP (uromodulin) showed supportive 

results. We undertook this part of the study simply to see if a very abundant urinary and 
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stone protein would show any differential distribution between jack arm core and shell. 

The immunohistochemistry staining showed that THP had greater signal in the 

radiolucent core of jack arms than in the mineral-rich shell. These immunohistochemistry 

experiments could not test whether THP was enriched relative to other proteins. 

Future Directions 

We studied a large collection of human jackstones. Jackstone calculi were 

invariantly composed of COM and each contained at least one arm with a radiolucent 

core that was organic-rich, and apparently composed of protein matrix. Although we 

proposed a mechanism for jackstone growth, more studies are needed to verify and to test 

this and other hypotheses. Our hypothesis states that the protein-rich matrix core of a jack 

arm might preferentially bind more protein from the urine and resist deposition of CaOx, 

such that the arm grows in a linear manner and at a faster rate than the bulk of the stone. 

This hypothesis thus predicts an enrichment of certain urine proteins in the core of the 

jack arm; a theory that is testable by appropriate proteomic analysis. One potential way to 

test this is to apply the laser microdissection techniques outlined in Chapter 2. If core and 

shell sections were laser microdissected and each analyzed by proteomics, we would then 

be able to differentiate the two regions by protein composition. It could be possible that 

the jack arm cores may be enriched or differentially expressing specific protein signatures 

that drive general CaOx stone growth. These findings may aid not only in the additional 

explanation of jackstone growth but may be useful other types of urinary stones. 

Moreover, if a set of specific proteins are identified as candidates for kidney stone 

growth, those protein candidates may be used in future studies that will greatly impact 

our understanding of urinary stone growth: 1) candidate proteins can be co-localized and 
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thus, validated in immunohistochemistry experiments on jackstone calculi sections as a 

set of proof-of-principle studies. Furthermore, these proteins may be targeted in urine of 

stone patients as a potential biomarker for stone disease. 2) Those protein candidates 

identified as promotors or propagators of stone formation in jackstone cores may be 

tested singly and, in combination in ‘stone farms’ for the growth or artificial CaOx 

kidney stones in vitro (Ananth, 2002) (Chow, 2004). 

6.3 Collagen Fibrils and Cell Nuclei are entrapped within Randall’s Plaque Kidney 

Stones 

Kidney stones with evidence of having grown on to Randall’s plaque (RP) were 

studied in the same way that generic CaOx stones and jackstones were analyzed in 

Chapters 2 and 3, respectively. Briefly, we extended the capabilities of micro CT to trace 

mineral content and to orient the RP stones as they decalcified. Complete 

demineralization was achieved without disrupting the RP stone structure. We confirmed 

the positioning of plaque and CaOx matrix by autofluorescence techniques in microscopy 

previously shown by Winfree and colleagues (Winfree, 2020). 

The strengths of the methods described rest on the ability to orient the plaque-

stone “tissue” accurately and precisely for analysis by conventional histology and 

imaging techniques which led to some exciting discoveries. Studying demineralized RP 

stones using native fluoresnce microscopy allows us to efficiently explore the molecular 

signatures associated with RP. SHG imaging facilitated the detection of collagen in 

plaque without the use of transmission and scanning electron microscopy (Khan 2012). 

We undertook this part of the study as a proof-of-principle to demonstrate that these 

molecular interrogation methods were applicable to the demineralized plaque-stone 
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sections. Although these findings are not novel or surprising, these results give clear 

indications of how they lend their functionality to investigate plaque and stone as tissue. 

Furthermore, these techniques allowed us to discover cell nuclei in areas of Randall’s 

plaque; a finding that to our knowledge, had never been described in the kidney stone 

literature. 

The identification of cell nuclei in RP stones would have been nearly impossible 

without the optimized methodologies described in Chapter 2. Aside from the exciting 

discovery of cells in RP stones, we conducted immunofluorescent studies to test for 

vimentin and CD45. Vimentin was co-localized in a few cells of in RP stones. These 

findings offer support to the idea that mesenchymal-like cells may play an active role in 

the mineralization of the renal papilla (Gambaro, 2004) (Khan, 2016). The studies 

targeting CD45 also showed some positivity of the common leukocyte antigen in cells 

entrapped by RP in stones, suggesting that an immune cell population may be playing a 

more direct role in plaque-stone pathogenesis than previously thought (Zhang, 2021). 

Alternatively, CD45+ nuclei may suggest that an osteogenic-like phenotype or myeloid 

calcifying cells may be contributing to renal papillary extracellular remodeling and 

calcification (Fadini, 2012). Although these findings are novel and exciting for the field, 

the true nature of the cells and their role within plaque are yet to be determined and 

warrant further investigation. 

Future Directions 

We have shown that collagen and cells are entrapped within the plaque region of 

RP stones. Further, we provide evidence of a mesenchymal-like and immune cell types 

present in RP stones. To expand on this work, it would be informative to screen for more 



112 

proteins that may aid in the full characterization of the collagen and cells discovered in 

the work described in Chapter 4. For collagen detection, it would be important to verify 

that SHG is identifying collagen I, II or if other collagens are present and not detected by 

SGH (collagen type III, IV, VI, XV). Additional immunofluorescence experiments with 

the fibroblast marker antibody (ER-TR7) or protein S1004 would strengthen our findings 

of RP cells expressing vimentin. These experiments would put to rest the question of 

whether or not these cells are indeed fibroblasts; or if a different mesenchymal-like cell 

type is present in RP. Furthermore, characterizing the CD45+ cells in RP would be of 

great importance to decipher the role immune cells may play in plaque and stone 

development. Another test to consider would include a panel of targeting CD68, 

MARCO, CCL2, CSF1, and myeloperoxidase (MPO), CD15 and CD33 by 

immunofluorescence. These studies would strengthen the CD45+ findings presented here 

and begin to specify the type of immune cell presence in RP stones (CD45+CD68+, M1 

macrophages and CD15+CD33+, neutrophils). 

To further expand on this work, additional experiments with osteoblast and 

osteoclast markers would be needed, given that osteogenesis has been proposed as a 

mechanisms of RP formation (Evan 2018). These studies targeting osteoblast/osteoclast 

markers will either strengthen our CD45+ observations for an osteogenic phenotype, 

challenge the notion that immune cells are present in RP or show that both cell types 

occupy the RP environment. Evan el al. did not find bone gene expression in regions of 

human Randall’s plaques (Evan, 2015) (Evan, 2018). But Mezzabotta et al. did observe 

expression of osterix (Sp7) in a cell culture of a human kidney with medullary sponge 

disease (Mezzabotta, 2015) (Evan, 2018). Thus, testing for the receptor activator of 
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nuclear factor κ β (RANK or TNFRSF11A) by immunofluorescence may provide an 

interesting avenue in the exploration of an osteogenic phenotype in the cells entrapped 

within RP stones. 

Finally, expanding LMD technology on to demineralized RP stones would expand 

on the specific molecular (proteomic) signatures present in plaque and different from 

CaOx matrix. Utilizing the LMD-proteomics techniques, one can microdissect the RP 

region and run various proteomic analyses on RP. These studies would provide a specific 

molecular signature of the plaque and would further differentiate it from the stone matrix. 

Furthermore, LMD proteomic analyses on RP regions would also allow for bioinformatic 

analyses on the enriched molecular pathway associated with proteins identified in plaque 

versus those identified in stone matrix. 

6.4 Spatial Transcriptomics of the Human Kidney Papilla in the context of CaOx Stone 

Formation 

Spatial transcriptomics has allowed us to begin constructing a molecular atlas of 

the kidney stone forming papilla. In Chapter 5 we describe how kidney papillary biopsies 

were obtained and handled for histological sectioning and for the spatial sequencing of 

tissue according to Visium spatial transcriptomic protocols. Comparative analysis 

between reference and stone papillae showed major differences in differentially 

expressed genes (DEGs). Stone papillae consistently showed genes such as ATF3, JUN, 

CCL2, SPP1, VIM, MMP7 and MGP to be upregulated when compared to the reference 

sample. Pathways associated with leukocyte activation, response to oxidative stress, 

ossification and extracellular structure organization were significantly enriched for those 

DEGs when comparing CaOx versus the non-stone reference. Moreover, when mapping 
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genes related to inflammation, such as MMP7, one can see a more disperse expression 

throughout the CaOx papillae and a more localized expression of MMP7 in the reference. 

This, coupled with the bulk comparisons performed, show that CaOx papillary tissues 

have higher signatures of inflammation throughout as opposed to the non-stone reference. 

The interrogation of a stone forming papillum via spatial transcriptomics led to 

interesting observations. Briefly, supervised spatial analyses comparing regions within 

the mineral, near mineral (contiguous) and away (non-mineralized) from mineral showed 

that areas closer to the mineral burden expressed higher upregulated genes related to 

injury, oxidative stress, inflammation, repair, and extracellular remodeling than did areas 

that were designated non mineral. Of particular interest, genes such as MMP9 and SPP1 

tended to be enriched in those regions that were calcified. Moreover, validation studies 

using immunofluorescent imaging supported these findings, where c-JUN and CD68 

were both co-localized to CaOx papillary tissue but not in non-stone reference samples. 

These data indicate that the stone forming papilla expresses injury markers relative to the 

reference non-forming papilla.  

Future Directions 

Although these findings support previous explanations of immune and 

inflammatory involvement in stone disease, more studies are needed to formulate a 

complete solidified story about how immune cells are contributing to papillary 

mineralization. One way to add to these data is to integrate single nuclear transcriptomics 

(snRNA) to these spatial transcriptomic data. This type of analysis will allow us to 

position cell types to the areas of mineral/plaque burden and, perhaps, co-localize specific 

immune and connective tissue cells (e.g. macrophages, fibroblasts). Furthermore, a 
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comparative analysis in the cell types between stone and non-stone papillae will lead to a 

better understanding on their role in mineral or plaque pathogenesis. Additionally, 

comparing different anatomical regions (thin limbs, collecting ducts, interstitium) 

between stone papillae and reference tissues would also be of importance as to how and 

where mineralization initiations in the stone forming papillae. Do thin limbs in the CaOx 

stone forming papillae express genes of inflammation, injury, ROS and osteogenesis? 

Does the interstitium express upregulated genes involved in extracellular remodeling, 

immune cell activity and osteogenesis? This area of investigation deserves more 

attention. 

These initial analyses we present point to the possibility of selecting potential 

biomarkers that can used in a clinical setting. If future studies validate some of the 

specific genes we present and validate their products (proteins) in CaOx stone papillary 

tissue, it would be worth analyzing them in urine. A set of experiments using enzyme-

linked immunosorbent assay (ELISA) of non-stone and stone patient urine samples 

would serve as an additional layer of validation for some of the data presented by spatial 

transcriptomics. These tools would be invaluable for kidney stone patients in the clinical 

setting and may serve to screen disease state and progression, and perhaps may lead to 

therapeutic targets to prevent nephrolithiasis. 

6.5 Concluding Remarks 

The research projects detailed above highlight the complexity of kidney stone 

disease etiology and the innovative methodologies needed to study nephrolithiasis. The 

bulk of work presented here did not rely on animal models of nephrolithiasis since no 

reliable animal model currently exists. Instead, we relied on the meticulous direct study 
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on CaOx kidney stones surgically extracted from patients. We analyzed their mineral and 

organic material and pieced together experiments for an understanding of kidney stone 

formation. We relied heavily on micro CT, IR, traditional histology, 

immunohistochemistry and immunofluorescence microscopy. Further, we applied the use 

of “omics” technology to study proteins (proteomics) in the stone matrix and gene 

expression (transcriptomics) signatures in the kidney papillae. Our limited knowledge on 

the pathophysiology of kidney stone formation led us to develop innovative methods to 

study kidney stones. Our optimized demineralization methods coupled with fluoresnce 

microscopy led to the discovery of cell nuclei in regions of Randall’s plaque stones. The 

identification of cell nuclei also led us to discover immune- and mesenchymal-like 

signatures in those cells which may help us better understand the pathophysiology of 

kidney stone disease. In toto, these results show that 1) the kidney stone CaOx matrix is 

heterogenous and particular regions of the matrix exhibit proteins associated with 

inflammation, ROS and the immune response ; 2) jackstone calculi have a radiolucent 

core that is rich in protein and likely drive their rapid and linear growth; 3) collagen and 

cell nuclei are entrapped in plaque of RP stones and 4) kidney papillae of stone formers 

reveal signaling pathways of leukocyte activation, response to oxidative stress, 

ossification and extracellular remodeling. These findings may potentially serve as initial 

steps to develop biomarkers and to begin investigating future therapeutic targets for non-

invasive treatment or prevention of kidney stone diseases. 
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