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Abstract

Objectives—To characterise renal tissue metabolic pathway gene expression in different forms 

of glomerulonephritis.
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Methods—Patients with nephrotic syndrome (NS), antineutrophil cytoplasmic antibody-

associated vasculitis (AAV), systemic lupus erythematosus (SLE) and healthy living donors (LD) 

were studied. Clinically indicated renal biopsies were obtained at time of diagnosis and 

microdissected into glomerular and tubulointerstitial compartments. Microarray-derived 

differential gene expression of 88 genes representing critical enzymes of metabolic pathways and 

25 genes related to immune cell markers was compared between disease groups. Correlation 

analyses measured relationships between metabolic pathways, kidney function and cytokine 

production.

Results—Reduced steady state levels of mRNA species were enriched in pathways of oxidative 

phosphorylation and increased in the pentose phosphate pathway (PP) with maximal perturbation 

in AAV and SLE followed by NS, and least in LD. Transcript regulation was isozymes specific 

with robust regulation in hexokinases, enolases and glucose transporters. Intercorrelation networks 

were observed between enzymes of the PPP (eg, transketolase) and macrophage markers (eg, 

CD68) (r=0.49, p<0.01). Increased PPP transcript levels were associated with reduced glomerular 

filtration rate in the glomerular (r=−0.49, p<0.01) and tubulointerstitial (r=−0.41, p<0.01) 

compartments. PPP expression and tumour necrosis factor activation were tightly co-expressed 

(r=0.70, p<0.01).

Conclusion—This study demonstrated concordant alterations of the renal transcriptome 

consistent with metabolic reprogramming across different forms of glomerulonephritis. Activation 

of the PPP was tightly linked with intrarenal macrophage marker expression, reduced kidney 

function and increased production of cytokines. Modulation of glucose metabolism may offer 

novel immune-modulatory therapeutic approaches in rare kidney diseases.

INTRODUCTION

Activated immune cells require alterations in metabolic activity to survive, proliferate and 

sustain effector responses. How intracellular metabolites regulate immune cells is an 

emerging field of study known as immuometabolism.1 In oncology, alteration of cancer cell 

metabolism to preferentially use glycolysis rather than the tricarboxylic acid (TCA) cycle for 

energy production is referred to as ‘aerobic glycolysis’ or the Warburg effect. Metabolic 

reprogramming of tumour cells towards enhanced glycolytic capacity is a defining 

characteristic of various malignancies and explains how tumours can be visualised by 

positron emission tomography studies coupled with radiolabelled fluorodeoxyglucose. In the 

context of immunity, similar alterations in metabolic pathways can promote effector 

functions in immune cell subsets to induce production of specific pro-inflammatory and anti-

inflammatory cytokines.

Evidence of metabolic reprogramming in immune-mediated diseases is mostly limited to in 

vitro studies. Activation of hypoxia-inducible factor 1 alpha (HIF-1α) or stimulation of 

innate immune response receptors can upregulate pathways of glycolysis, promote 

differentiation of M1 macrophages and inform inflammatory responses via production of 

specific cytokines, including tumour necrosis factor (TNF).2–7 Some studies have provided 

in vivo evidence of immunometabolism in rheumatologic diseases. Metabolomic profiling of 

serum and synovial fluid has identified specific metabolites associated with rheumatoid 

arthritis.8–10 The pentose phosphate pathway (PPP) is a parallel pathway of glycolysis that 
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may a play key role in specific inflammatory diseases. Defects in glycolytic flux due to 

upregulation of glucose-6-phosphate dehydrogenase (G6PD), an enzyme in the PPP, 

promote hyperproliferation and cytokine production in T cells from patients with rheumatoid 

arthritis.11 Activated metabolism with hyperactivation of the PPP has been demonstrated in 

circulating lymphocytes from patients with systemic lupus erythematosus (SLE), and 

metabolic inhibitors can ameliorate pathology in animal models of lupus.12–15

Nephrotic and nephritic syndromes represent a spectrum of glomerulonephropathies 

characterised in part by shared end-organ kidney damage with a significant degree of 

activation of ischaemic injury.16 To what extent immunometabolic changes contribute to 

different types of kidney disease is unknown. The objectives of this study were to compare 

metabolic pathways of gene transcription in renal tissue from patients with different forms 

of glomerulonephritis and to determine the cellular source of specific metabolic transcription 

signatures in these diseases.

METHODS

Discovery cohort

Kidney biopsy samples from patients with glomerulonephritis and healthy donors were 

obtained from the European Renal cDNA Bank (ERCB) cohort. The ERCB is a multicentre 

study established to collect renal biopsy tissue for gene expression analysis at the time of a 

clinically indicated biopsy.17 Biopsies were obtained from patients after informed consent 

with approval of the local ethics committees. For this study, patients with nephrotic 

syndrome (NS, n=62) and with antineutrophil cytoplasmic antibody (ANCA)-associated 

vasculitis (AAV, n=23), a prototypical nephritic syndrome, were included in a discovery 

cohort. Three forms of NSs were studied: minimal change disease (MCD, n=14), 

membranous glomerulonephritis (MGN, n=21) and focal segmental glomerulosclerosis 

(FSGS, n=25). Two forms of AAV were included: granulomatosis with polyangiitis and 

microscopic polyangiitis (MPA). All patients with AAVhad a positive ANCA-antibody and 

diagnostic confirmation of disease by renal histology. Healthy tissue obtained from living 

transplant donors (LD, n=21) was used as a comparator group. Detailed histology from the 

ERCB cohort was not available, and clinical information recorded at the time of renal biopsy 

was limited but included use of glucocorticoids (yes/no, categorical variable) and glomerular 

filtration rate (GFR).18 To determine if gene expression signatures identified in the discovery 

cohort were unique to AAV or NS, relevant signatures were also queried in previously 

reported data from additional patients in the ERCB cohort, including patients with SLE 

(n=32) and patients who underwent tumour nephrectomy with donation of normal renal 

tissue adjacent to tumour (n=6).19

Validation cohort

An independent, validation cohort was studied consisting of microdissected renal biopsies 

from additional patients with AAV (n=57) from the ERCB cohort, additional LD (n=6), and 

patients with NS (n=107) recruited in the Nephrotic Syndrome Study Network (NEPTUNE). 

NEPTUNE is an ongoing multicentre prospective cohort study enrolling patients with 

glomerular diseases.20 Detailed clinical and histopathological data from patients with 
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nephrotic syndrome enrolled in NEPTUNE, including quantification of tubulointerstitial 

fibrosis, has been previously published.21

Kidney tissue processing and transcriptional profiling

Kidney tissue was processed prior to transcriptional profiling as previously described.22 

Briefly, collected renal tissue was stored in RNAlater (ThermoFisher) and manually 

microdissected into glomerular and tubulointerstitial compartments. Transcriptional data 

were used to assess reliability of microdissection, targeting 16-fold to 64-fold enrichment of 

glomerular-selective or tubulointerstitial-selective transcripts in each respective 

compartment. In the discovery cohort, RNA from each compartment was processed and 

analysed using Affymetrix GeneChip Human Genome U133A V.2.0 and U133 Plus V.2.0 

platforms. In the validation cohort, samples were profiled on a Human Gene ST 2.1 array 

platform. Probe sets were annotated to Entrez Gene IDs using custom CDF V.19 generated 

from the University of Michigan Brain Array group, as previously described.23 Expression 

data were quantile normalised and batch corrected using COMBAT.24 Differential gene 

expression of selected gene transcripts was compared in the glomerular and tubulointerstitial 

compartments between patients with NS and AAV versus LD using the significance analysis 

of microarrays (SAM) method.2526 Genes were defined as significantly differentially 

expressed with q-value <0.05. CEL files are accessible in GEO under reference numbers: 

GSE104948, GSE104954 and GSE108113.

Selected metabolic and inflammatory genes

A list of 88 genes related to metabolic pathways and 25 genes related to immune cell subset 

markers were selected a priori for analysis.27 Metabolic enzymes were selected to represent 

the following metabolic pathways: TCA cycle, glutaminolysis, fatty acid oxidation, 

glycolysis and the PPP. A composite gene expression score was created for each metabolic 

pathway by averaging z-scored transformed log2 expressed genes within the pathway. For 

the PPP, the composite score was created from the following genes: G6PD, PGLS, PGD, 
RPE, RPIA, TKT and TALDO1. A subset of enyzmes were categorised based on regulation 

by the transcription factor HIF-1α. A complete list of the selected genes is provided in 

online supplementary material.

Subset prediction from enrichment correlation analysis

Subset prediction from enrichment correlation (SPEC) was performed to determine the cell-

specific source for PPP gene expression.28 Immune cell type-specific gene sets and renal cell 

type-specific gene sets were derived from previously published studies.2930 Single-sample 

gene set enrichment analysis (ssGSEA) enrichment scores (ES) were calculated using each 

cell type-specific gene set and a PPP gene set curated from the KEGG metabolic pathways 

(V.5.2 from the Molecular Signatures Database). To determine how suitable a cell type gene 

set is for SPEC, cell type gene sets are randomly split in half (‘SET A and SET B’). ssGSEA 

is performed on all cell types and the number of times the ES from SET B is most strongly 

correlated with SET A rather than any other cell type is counted. The split experiment is 

replicated 100 times for each cell type gene set to generate a confidence metric in the 

findings. Correlation between each cell type ES and the PPP ES was calculated. Higher 
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correlation indicates that a specific cell type contributes to PPP expression in the total 

population of samples.

Development of TNF activation score

Previously identified candidate genes causally downstream of TNF in kidney disease with at 

least three literature sources of evidence were selected as a gene set representative of TNF 

activation.31 A TNF activation score was generated in patient samples by transforming log2 

expression profiles into z-scores and averaging z-scores of 138 TNF-dependent genes into a 

single metric for each patient sample.

Tissue immunofluorescence

The expression and localisation of immunometabolism-associated proteins was evaluated in 

paraffin-embedded kidney sections by indirect immunofluorescence in five patients with 

AAV. Kidney biopsies were classified based on histology as focal, crescentic, mixed or 

sclerotic, according to consensus guidelines.32 Briefly, after xylene/ethanol 

deparaffinisation, tissue sections were pretreated with Epitope Retrieval Solution (IHC 

World, Woodstock, Maryland, USA) for 40 min at 60°C. Subsequently, non-specific binding 

was blocked with 10% Normal Goat Serum (NGS) for 30 min at room temperature. Tissue 

slides were double stained with combinations of antibodies specific for CD68, TKT and 

HIF-1α (Abcam, Cambridge, Massachusetts, USA; BioLegend, San Diego, California, 

USA) overnight at 4°C in 1% NGS. Secondary antibodies were purchased from 

ThermoFisher Scientific (Grand Island, New York, USA), and tissue sections incubated 

accordingly for 1 hour at room temperature in 1% NGS. Hoechst-stained slides were then 

mounted with ProLong Gold Antifade Mountant (ThermoFisher), and visualised after curing 

overnight.

Statistical analyses

Correlation analyses were performed using Pearson’s correlation. Kruskal-Wallis with post 

hoc Dunn’s test to account for multiple comparisons was used to compare metabolic 

pathway scores across multiple disease groups, and a p value <0.05 was considered 

significant for these analyses. Analyses were performed using GraphPad Prism V.7.0 (La 

Jolla, California, USA).

RESULTS

Alteration of metabolic pathways in the glomerular and tubulointerstitial compartments

Gene expression signatures for five major metabolic pathways were profiled in the 

glomerular and tubulointerstitial compartments between patients with NSs, AAV and healthy 

living donors. The clinical characteristics of the study population are presented in table 1.

In the glomerular compartment of the discovery cohort, there was a coordinated pattern of 

altered gene expression related to specific metabolic pathways. Gene expression of the TCA 

cycle, fatty acid oxidation and glutaminolysis was repressed in NS relative to LD and further 

downregulated in patients with AAV (figure 1A). In contrast, there was significantly 

increased expression of the PPP in patients with NS and AAV relative to LD (p<0.001), with 
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significantly higher expression in patients with AAV compared with NS (p<0.001). There 

was increased gene expression related to glycolysis in patients with NS and AAV compared 

with LD but this was not statistically significant. Differential expression of the PPP was also 

observed in the tubulointerstitial compartment of the discovery cohort (figure 1B). There 

was differential upregulation of glycolytic enzymes regulated by the transcription factor 

HIF-1α in patients with AAV compared with LD (p<0.001) and patients with NS (p<0.005), 

and there were no differences in expression of glycloytic enzymes not regulated by HIF-1α 
across the groups (figure 1C).

In the glomerular compartment of the discovery cohort, all seven enzymes of the PPP were 

significantly upregulated in patients with AAV compared with controls (fold change range 

1.14–1.57, q<0.05). In the tubulointerstitial compartment, six enzymes of the PPP were 

significantly upregulated in patients with AAV compared with controls (fold change range 

1.05–1.52; q<0.05) (table 2).

Differential expression of specific metabolic isozymes

Differential expression of selected, key regulatory metabolic isozymes was compared across 

LD, NS and AAV groups in the discovery cohort (figure 2). Specific isozymes were 

significantly upregulated (ENO2, HK1, HK2) or downregulated (PDK4, PFKB1, PFKFB2) 

in NS and AAV compared with LD without differences between NS and AAV. Other 

isozymes were significantly upregulated (GLUT3, PFKFB3) or downregulated (ALDOB, 
GLUT2, PDK2) in AAV>NS>LD. ENO1, HK3 and PFKB4 were only significantly 

upregulated in AAV compared with NS and LD. There were no significant differences across 

the groups for ALDOA, ALDOC, GLUT1, GLUT4, PDK1 and PDK3.

Pentose phosphate pathway gene expression signature in the validation cohort and in 
association with kidney function

To confirm if increased PPP expression was unique to AAV, gene expression of the PPP was 

compared in the discovery cohort across a broader spectrum of diseases including SLE 

(figure 3A and B). PPP expression did not differ between LD, normal kidney biopsy sections 

from patients who underwent tumour nephrectomy and patients with MCD. PPP expression 

in SLE was significantly greater than LD (p<0.001) but was not different from AAV. Among 

the two types of NSs with potential inflammatory components (MGN, FSGS), there was 

increased PPP expression compared with LDs (p<0.01), with lower median PPP expression 

values than SLE or AAV. In an analysis restricted to patients with AAV or SLE, there was no 

significant difference in PPP expression score between patients categorised by concomitant 

glucocorticoid use at the time of biopsy versus those not treated; however, there was 

increased variability of PPP expression in those patients taking glucocorticoids (figure 3C). 

Differential expression of the PPP was confirmed in the validation cohort using samples 

from an independent group of patients with glomerulonephritis (figure 3D). There was a 

significant negative association between PPP expression and GFR in the glomerular 

compartment (r=−0.49, p<0.01) (figure 3E) and the tubulointerstitial compartment (r=−0.41, 

p<0.01) (figure 3F). In analyses restricted to patients with NS in the NEPTUNE cohort 

where detailed histology was available for review, GFR was negatively associated with PPP 

expression in the glomerular (r=−0.37, p<0.01) and the tubulointerstitial compartments (r=
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−0.29, p<0.01), and PPP expression in the tubulointerstitial compartment was significantly 

associated with an increased degree of tubulointerstitial fibrosis on pathology (r=0.22, 

p=0.03).

Cellular source of the pentose phosphate pathway gene expression signature

SPEC analysis of the discovery cohort glomerular compartment dataset indicated that PPP 

expression was specifically increased in monocyte/macrophages and renal tubular cells 

(figure 4A). Correlation analyses stratified by group (NS, LD, AAV) demonstrated positive 

correlation between monocyte/macrophage ES and PPP ES only in patients with AAV 

(r=0.62, p<0.01) and positive correlation between renal tubule ES and PPP ES only in LD 

(r=0.49, p<0.01) and patients with NS (r=0.63, p<0.01) (figure 4B). In the glomerular 

compartment in patients with LD, NS and AAV, there was positive correlation between 

transketolase (TKT), a representative enzyme of the PPP, and CD68, a representative 

macrophage marker (r=0.48; p<0.01) (figure 4C). In patients with AAV with crescentic 

findings on kidney biopsy (n=2), protein expression of TKT and HIF-1α colocalised with 

CD68+ macrophages, with no expression observed in renal parenchymal cells (figure 4D). 

In patients with AAV without crescentic histology (n=3), no protein expression of TKT or 

HIF-1α was observed (data not shown). To determine if PPP expression correlated with 

macrophage-related cytokine production, the PPP score from the glomerular compartment 

was correlated with a TNF activation score. There was strong, positive correlation (r=0.70, 

p<0.01) between the PPP and TNF activation scores, with the highest values observed in 

patients with AAV compared with NS and LD (figure 4E).

DISCUSSION

Under conditions of cellular homeostasis, the TCA cycle serves as the most efficient source 

of energy production in humans. However, under conditions of cellular stress, including 

inflammatory microenvironments, glucose can become a preferred metabolic substrate. This 

study demonstrated concordant alterations of the renal transcriptome consistent with 

metabolic reprogramming across different forms of glomerulonpehritis. Gene expression 

profiling of renal tissue from the glomerular compartment revealed downregulation of 

pathways of cellular homeostasis, including the TCA cycle, glutaminolysis and fatty acid 

oxidation, and upregulation of pathways of glucose metabolism, including the PPP. 

Significant upregulation of HIF-1α-related gene transcripts and colocalisation of HIF-1α 
and CD68 by tissue immunofluorescence in the glomeruli of patients with AAV suggests 

that this transcription factor plays a critical role in the regulation of glycolytic pathways in 

glomerulonephritis.1633

Activation of the PPP in both the glomerular and tubulointerstitial compartments in a 

discovery and validation cohort was the most striking finding in this study. Increased 

expression of enzymes of the PPP was demonstrated in NSs compared with healthy living 

donors with the highest levels of PPP expression seen in inflammatory kidney diseases. In 

patients with NS, increased expression of the PPP in the tubulointerstitial compartment was 

significantly associated with reduced kidney function and increased intensity of 

tubulointerstitial fibrosis. Although renal disease in AAV is typically defined by glomerular 
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involvement, similar alterations of PPP enzyme transcription were observed in renal biopsies 

from patients with AAV in both the glomerular and tubulointerstitial compartments. Global 

alterations of the renal transcriptome across different anatomic compartments are therefore 

associated with renal disease in AAV. Similar levels of PPP expression in kidney biopsies 

from patients with AAV or SLE indicate that alterations of metabolic pathways might be 

shared across different forms of glomerulonephritis.

Several lines of evidence suggest that monocyte/macrophages are likely a major contributor 

to PPP expression in these diseases. Increased PPP expression was observed in the NS 

subtypes where inflammatory features on histology are most pronounced, including MGN 

and FSGS compared with MCD. Computational analyses showed that PPP expression 

strongly correlated with monocyte/macrophage surface markers, especially in patients with 

AAV, and protein expression of PPP enzymes colocalised to macrophages within the 

glomerular compartment by tissue immunofluorescence. One function of the PPP is to 

generate NADPH and maintain redox balance, which may be particularly important to 

cellular survival in activated macrophages undergoing oxidative burst. Another function of 

the PPP is to generate nucleic acid precursors. Production of biomass through the PPP could 

facilitate generation of the necessary messenger RNA and protein to enable effector 

functions. Activation of the PPP is known to induce pro-inflammatory cytokine production 

in macrophages,5 and in this study, strong correlation was observed between PPP expression 

and TNF activation within the glomerular compartment, particularly in AAV.

In addition to regulation of important metabolic pathways, differential expression of key, 

regulatory metabolic isozymes was observed across the conditions studied. These findings 

may inform future functional studies of metabolic pathways in renal disease. PFKFB3, 

which was upregulated in both NSs and AAV, has been specifically associated with the 

Warburg effect in tumour cells because its activity increases the rate of glycolysis. 34 Among 

glucose transporters, which facilitate glucose passage across plasma membranes, there was 

upregulation of GLUT3 and downregulation of GLUT2 in both NS and AAV. GLUT3 is the 

highest affinity glucose receptor and therefore may play a key role in facilitating glucose 

metabolism in these conditions.35 Hexokinases regulate the first step in glycolysis, and 

significant increased expression of HK3 was observed in patients with AAV. HK3 is the 

predominant hexokinase in myeloid cells and is upregulated in peripheral blood samples 

from patients with AAV in a prior transcriptomic study.3637 The functions of HK3 are poorly 

characterised, making it an attractive candidate for future functional studies.

This study has some important potential limitations to consider. Concomitant use of 

glucocorticoids can affect gene expression and information about glucocorticoid dose at the 

time of biopsy was not available; however, no significant difference between PPP scores 

were observed when adjusting for glucocorticoid use as a categorical variable. Detailed 

pathological descriptions from renal biopsies in the ECRB cohort was not available across 

the cohort, precluding comparison of the renal transcriptome with histological characteristics 

of disease. Urinary metabolites were not studied; however, alterations of glycolysis-related 

transcripts in animal models of diabetes have predicted changes in glycolytic metabolites in 

renal cortex and urine.38 Finally, subgroup comparisons were limited by small sample sizes.
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Distinct alterations in cellular metabolism were observed in the renal transcriptome from 

patients with different forms of glomerulonephritis, including NSs and systemic 

inflammatory diseases such as AAV and SLE. Global patterns of gene expression are 

indicative of increased utilisation of glucose and decreased oxidative phosphorylation, 

especially in patients with inflammatory kidney diseases. Metabolic reprogramming of cells 

within affected renal tissue may constitute a form of shared molecular pathology across 

different types of glomerulonephritis. The strong correlations between markers of glycolysis, 

macrophage-related markers and inflammatory cytokines observed in this study further 

suggest that altered immunometabolism may also play a role in the pathophysiology across a 

spectrum of kidney diseases. Validation of these findings in prospective, observational 

cohorts with assessment of potential associations between metabolic gene expression 

signature, detained renal histology and long-term clinical outcomes is warranted. 

Modulation of glucose metabolism could offer novel approaches to the treatment of these 

rare syndromes.
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Figure 1. 
Bar graphs of metabolic pathways showing disease-specific differential gene expression 

within the glomerular compartment in the discovery cohort (A). Bar graph of pentose 

phosphate pathway gene expression within the tubulointerstitial compartment in the 

discovery cohort (B). Differences in composite gene expression were compared in the 

discovery cohort between hypoxia-induced factor 1-alpha (HIF-1α) glycolytic targets and 

HIF-1α independent glycolytic enzymes in the glomerular compartment (C). *p<0.05; 

**p<0.01; ***p<0.005; ****p<0.001, NS, not significant. AAV, antineutrophil cytoplasmic 

antibody-associated vasculitis; TCA, tricarboxylic acid.

Grayson et al. Page 12

Ann Rheum Dis. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Comparison of differences in glomerular gene expression (log2 mRNA levels) among 

selected metabolic isozymes in patients with nephrotic syndrome, antineutrophil 

cytoplasmic antibody-associated vasculitis and healthy donors in the discovery cohort. 

*p<0.05; **p<0.01; ***p<0.005; ****p<0.001, NS, not significant.
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Figure 3. 
Pentose phosphate pathway (PPP) gene expression is differentially regulated in a variety of 

glomerulonephritis and is associated with impaired kidney function. PPP gene expression 

differences among groups collected within the discovery cohort in the glomerular (A) and 

tubulointerstitial (B) compartments. Comparison of PPP gene expression within the 

glomerular compartment in the discovery cohort between patients with antineutrophil 

cytoplasmic antibody-associated vasculitis (AAV) or systemic lupus erythematosus (SLE) 

categorised by glucocorticoid use at the time of biopsy (C). Validation of PPP gene 

expression differences within the glomerular compartment in the validation cohort (D). 

Correlation between PPP expression and glomerular filtration rate in the glomerular (E) and 

tubulointerstitial (F) compartments in the discovery cohort. *p<0.05; **p<0.01; ***p<0.005; 

****p<0.001, NS, not significant. FSGS, focal segmental glomerulosclerosis; MCD, 

minimal change disease; MGN, membranous glomerulonephritis.
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Figure 4. 
Myeloid cells are likely a major source of activated pentose phosphate pathway (PPP) gene 

expression. Subset prediction from enrichment correlation (SPEC) predicts that renal tubule 

and monocyte/macrophages are the likely source of PPP in the discovery cohort with the 

intensity of the red bar indicates degree of confidence in the bar plot correlation of cell types 

and PPP expression (A). The monocyte/macrophage enrichment score correlates with the 

PPP enrichment score in antineutrophil cytoplasmic antibody-associated vasculitis (AAV), 

while the tubule enrichment score correlates with the PPP enrichment score in healthy living 

donor and nephrotic syndrome samples (B). Transketolase (TKT), a key regulatory enzyme 

within the PPP, correlates with CD14, a marker for monocyte/macrophages in the glomerular 

compartment in the discovery cohort (C). Tissue immunofluorescence demonstrates 

localisation of TKT and HIF-1α within monocytes/macrophages (CD14) in the glomerular 

compartment (D). The PPP gene expression score is strongly associated with increased 

expression of a tumour necrosis factor (TNF) activation score within the glomerular 

compartment (E).
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