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Abstract

The immune mechanisms that cause tissue injury in lupus nephritis have been challenging to 

define. The advent of high-dimensional cellular analyses, such as single-cell RNA sequencing, has 

enabled detailed characterization of the cell populations present in small biopsy samples of 

affected kidney tissue. In parallel, the development of methods that cryopreserve kidney biopsy 

specimens in a manner that preserves intact, viable cells, has enabled the uniform analysis of 

tissue samples collected at multiple sites and across many geographic areas and demographic 

cohorts by high-dimensional platforms. The application of these methods to kidney biopsy 

samples from patients with lupus nephritis has begun to define the phenotypes of both infiltrating 

and resident immune cells, as well as parenchymal cells, present in nephritic kidneys. The 

detection of similar immune cell populations in urine suggests that it might be possible to non-

invasively monitor immune activation in kidneys. Once applied to large patient cohorts, these 

high-dimensional studies might enable patient stratification according to patterns of immune cell 

activation in the kidney or identify disease features that can be used as surrogate measures of 

efficacy in clinical trials. Applied broadly across multiple inflammatory kidney diseases, these 

studies promise to enormously expand our understanding of renal inflammation in the next decade.

Introduction

Lupus nephritis is a common and serious manifestation of systemic lupus erythematosus 

(SLE). At least 50% of patients with SLE develop LN and, in 10% of these patients, LN 

progresses to end-stage renal disease (ESRD) within 5 years 1-8. Although mortality from 

* bdiamond@northwell.edu.
Author contributions
All authors researched data for the article, wrote the manuscript, made substantial contributions to discussions of the content and 
reviewed or edited the manuscript before submission.

Competing interests:
The authors declare no competing interests.

HHS Public Access
Author manuscript
Nat Rev Nephrol. Author manuscript; available in PMC 2020 May 27.

Published in final edited form as:
Nat Rev Nephrol. 2020 April ; 16(4): 238–250. doi:10.1038/s41581-019-0232-6.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LN has decreased over the past few decades owing to improvements in the treatment of 

comorbidities, more judicious use of immunosuppressive therapies and a greater willingness 

and ability to perform renal transplantation in patients with SLE, the morbidity and mortality 

associated with LN remain substantial. Advances in the treatment of LN have been hard to 

achieve and clinical trials in LN have frequently failed. Although many factors might 

explain these outcomes, three particular issues might be crucial.

First, our current classification of LN and, therefore, our identification of patients for 

inclusion or exclusion in clinical trials, is inconsistent with our knowledge of prognosis and 

progression in LN 9-12. The universally accepted classification system for LN from the 

International Society of Nephrology and Renal Pathology Society (ISN/RPS) is focused 

exclusively on glomerular pathology – the cellular composition and the presence of immune 

complexes in the glomeruli are evaluated by both light and electron microscopy 13. However, 

for several decades, data have suggested that the presence of infiltrating inflammatory cells 

in the interstitium correlates best with prognosis. Interstitial inflammation with associated 

tubular atrophy is the most important prognostic marker of disease progression to ESRD but 

is not scored in the current classification system 14-18. Of note, tubular atrophy secondary to 

glomerular disease and proteinuria may be present in the absence of interstitial 

inflammation, but the association of tubular atrophy with interstitial inflammation is what 

predicts poor prognosis in SLE 19. Thus, clinical trials currently include individuals with 

similar glomerular pathology but with potentially substantial differences in interstitial and 

tubular pathology. Expecting the same response to therapy from each of these patient 

subgroups might diminish the likelihood of positive outcomes in clinical trials. The 

development of standardized metrics for scoring interstitial inflammation would facilitate 

clinical studies aimed at defining the prognostic value of these histological features.

Second, our current clinical assessments do not always accurately reflect underlying changes 

in renal pathology 15, 20. In both clinical practice and clinical trials, we assess response to 

therapy based on reductions in proteinuria and the urine protein to creatinine ratio (UPCR), 

stabilization or improvement in serum creatinine levels, and successful tapering of systemic 

glucocorticoids. In two independent studies, investigators performed repeat renal biopsies in 

individuals with LN, 6 to 12 months after onset of standard immunosuppressive therapy 
21, 22. Surprisingly, in approximately 50% of patients with a ‘complete’ clinical response 

(based on proteinuria and/or UPCR criteria), renal biopsy samples still had histological 

evidence of ongoing inflammation 20, 22. Moreover, approximately 50% of patients with 

persistent proteinuria had no residual inflammation 21. Thus, patients with continued renal 

inflammation might be clinical responders, and patients with markedly diminished 

inflammation might be clinical non-responders. Interestingly, although UCPR and 

proteinuria do not seem to accurately reflect renal histopathology findings, patients who 

achieve a clinical response according to these metrics are unlikely to progress to ESRD over 

10 years 23, 24. Clarifying the mechanistic relationship between interstitial inflammation and 

glomerular injury requires further study. In addition, understanding whether kidney-

infiltrating immune cells in clinical responders differ from those in non-responders will be of 

great importance.
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Third, our choice of therapeutic targets in LN is based on notions of disease pathogenesis 

that are derived from mouse models and from analyses of blood rather than the kidney. For 

example, the identification of type 1 interferon (that is, IFNα and IFNβ) as a therapeutic 

target in SLE was based on a large amount of data demonstrating that patients with severe 

disease exhibited greater induction of interferon-stimulated genes (ISGs) in blood cells that 

those with less severe disease or healthy controls 25, 26. This observation alone cannot 

provide information on the presence of interferon in inflamed tissue or the contribution of 

interferon to tissue pathology such as lupus nephritis. The efficacy of targeting type 1 

interferons to treat SLE remains under investigation in large clinical trials27. Furthermore, 

using mouse models to inform therapeutic strategies in SLE has had limited success 28. 

Although all mouse models of SLE are characterized by glomerular immunoglobulin 

deposition and proteinuria, the additional histopathologic characterization of kidney 

infiltrating cells and the mechanisms of disease vary among models29, 30. It is not known 

which models are most aligned with patient subsets.

To address these issues, a detailed analysis of the immune and parenchymal cells present 

within the kidneys of patients with LN might provide new insights into the cell types and 

pathways associated with tissue pathology, and might help characterize the heterogeneity of 

the disease. Such insights might inform therapeutic decisions and guide the development of 

novel drugs.

In this Review, we discuss methodological and clinical design considerations in 

implementing single-cell transcriptomic analyses of immune cells in lupus nephritis. We also 

discuss current findings from single-cell RNA sequencing (scRNA-seq) analyses of lupus 

nephritis kidneys and urine, including the immune cell populations identified and how such 

studies might help transform LN therapy. Given the ongoing efforts to use scRNA-seq to 

study multiple kidney diseases including diabetic nephropathy and allograft rejection, 

comparisons across diseases will be of major interest31, 32.

Design of scRNA-seq studies of LN

Bulk versus single-cell RNA-sequencing

One major limitation of the current histological assessments in LN is that the 

characterization of immune cells in the kidney is very limited, with little information 

gathered about the specific immune cell subsets present or their expression of functional 

molecules. For example, tissue histology can demonstrate the presence and localization of 

macrophages and lymphocytes in LN kidneys. However, both macrophages and lymphocytes 

have multiple differentiation states with starkly different functions that are mediated by 

expression of distinct effector molecules33, 34 – standard histological assessments cannot 

resolve this diversity of functions. Higher resolution analyses of the phenotypes and 

potential functions of immune cell types present in LN kidneys, and their variability across 

multiple patients, are likely to substantially improve the predictive value of kidney biopsy 

samples.

Global transcriptional profiling with RNA-seq allows genome-wide quantification of gene 

expression in tissue samples and can now be applied to individual cells within a tissue35. 
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The application of RNA-seq to LN kidney biopsy samples thus offers the potential to 

quantify immune cell types and pathways at a resolution not previously possible. However, 

several issues need to be considered when conducting transcriptional analyses of infiltrating 

and kidney resident cells. The first consideration is whether to isolate cellular subsets from 

the kidney and perform bulk RNA-seq on small numbers of cells or, alternatively, to perform 

sc RNA-seq (TABLE 1).

Transcriptomic analyses of bulk kidney tissue have provided some insights into mechanisms 

of kidney injury in LN. Transcriptional profiling of 32 archived LN biopsy samples 

demonstrated that the samples segregated into three groups using unsupervised clustering 

[G]36. One of the three clusters was characterized by the expression of adaptive immune cell 

genes, which is indicative of T cell and B cell infiltration; an increased frequency of B cells, 

CD4+ T cells and CD8+ T cells in these samples was confirmed by immunohistochemistry. 

Notably, patients with LN whose biopsy samples segregated into this group had a lower 

estimated glomerular filtration rate (eGFR) compared with the patients in the other two 

groups, consistent with the reported association between interstitial lymphocyte infiltrates 

and reduced kidney function in LN 37.

Another independent transcriptomic study of kidney biopsy samples from patients with 

diverse kidney disease, including LN, identified an association between reduced epidermal 

growth factor (EGF) expression and reduced eGFR 38, 39. This pattern of altered EGF 
expression across multiple chronic kidney diseases suggests that it might be a shared feature 

of kidney injury irrespective of the upstream mechanisms. Other studies quantified bulk 

gene expression in initial diagnostic kidney biopsies and in repeat biopsy samples in patients 

with LN, and also compared kidney biopsy expression profiles in patients who subsequently 

either had a complete response or did not respond to therapy40, 41. These reports suggested 

that gene expression patterns change following treatment of LN and identified differences in 

gene expression between complete responder and non-responder groups. Expression of 

neural cell adhesion molecule 1 (NCAM1), for example, was higher in the kidneys of 

patients with a complete response to treatment than in with patients who did not respond, 

whereas interleukin 1 receptor accessory protein (IL1RAP) and Fc fragment of IgA receptor 

(FCAR) were most highly expressed in the kidneys of patients with a poor response to 

treatment 40, 41.

The discrimination of pathways that affect distinct parts of the kidney is facilitated, for 

example, by laser capture microscopy [G], through which glomerular and interstitial tissue 

can be collected separately42 (TABLE 1). A focused transcriptional analysis of glomeruli 

from LN biopsy samples revealed the upregulation of multiple pathways compared to 

control kidney samples, including a prominent increase in myeloid lineage transcripts42. 

However, the precise identities of the myeloid cells present in these samples cannot be 

identified through this bulk RNA-seq approach.

Although transcriptomic studies of bulk tissue have begun to implicate critical immune 

pathways in the pathogenesis of LN, these analyses of intact tissue do not provide the 

resolution needed to identify which cell populations contribute the most to the observed 

altered gene expression pathways. Advances in computational deconvolution [G] methods, 
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including some methods that rely on available scRNA-seq data, are improving the ability to 

predict cell composition in a sample based on bulk tissue transcriptomes43. However, such 

approaches are still limited, especially since LN kidneys might contain unique subsets of 

immune cells or cells with activation states that have not previously been described in blood, 

the typical source of reference samples used to inform deconvolution.

scRNA-seq is therefore an attractive alternative to bulk RNA-seq as it establishes a catalog 

of all the cells present in LN kidneys. This catalog can then inform analyses of studies that 

focus on intact glomeruli and interstitium. Single-cell transcriptomic analyses of murine and 

human kidneys have demonstrated the feasibility and promise of this approach. For example, 

a comprehensive analysis of adult mouse kidney cells by scRNA-seq identified 21 cell 

populations in the healthy mouse kidney and revealed a previously unrecognized cell 

population in the collecting duct that might represent a transitional cellular phenotype 

between principal cells and intercalated cells 44. scRNA-seq of over 72,000 cells from 

human kidneys, including samples of both fetal and adult tissue, as well as renal tumor cells, 

established the range of cell types in human kidney 45. Interestingly, this study suggested 

that both clear cell renal cell carcinoma and papillary renal cell carcinoma might derive from 

the same cell lineage as cells from both tumour types were most similar to one 

subpopulation of proximal convoluted tubule cells from healthy kidney.

Kidney tissue collection and processing

Studies attempting to establish a broad transcriptomic analysis of LN need to navigate 

multiple challenges related to tissue collection and processing (BOX 1). First, clinical 

research sites must obtain a segment of kidney biopsy tissue for research analysis. Because 

most scRNA-seq methods require intact, viable cells for analysis46, a fresh tissue specimen, 

distinct from the tissue allocated for histological analysis, is required. One approach is to 

collect an additional biopsy sample exclusively for research analysis. Investigators might be 

concerned about the potential morbidity associated with obtaining an additional renal core, 

yet available data indicate that, when collecting up to five cores, no incremental morbidity is 

associated with the collection of each additional core 47. Of note, collecting more than five 

cores is associated with an increase in the incidence of biopsy-related adverse events. The 

experience of the Accelerated Medicines Partnership (AMP) rheumatoid arthritis (RA)/SLE 

Network over the past 4 years corroborates the safety of obtaining a research core in LN. 

Minor bleeding events occurred in <10% of patients, yet all complications resolved, and no 

individuals who provided a research core required a blood transfusion after biopsy (B. 

Diamond, D. Wofsy, unpublished data). These safety data are important in enabling 

analogous studies in similar patient populations worldwide.

After collection, tissue samples need to be processed to obtain single cell suspensions for 

scRNA-seq analysis – rapid processing minimizes changes in the expression of 

transcriptionally active genes 48-50. Multiple technical variables, including handling time, 

incubation temperatures and dissociation conditions can alter the transcriptomes of isolated 

cells. Therefore, optimization of the processing of tissue samples is an important step

In multi-center studies, many enrollment sites do not have the capability to run scRNA-seq 

analyses. Even if it were feasible to perform RNA-seq at each individual site, this would 
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likely introduce substantial technical noise due to inter-site variations in sample 

processing49. One approach to minimize technical variation is to centralize scRNA-seq 

analyses at a single site, which requires transporting dissociated cells, often across the long 

distances within the same country or even internationally. Following cryopreservation [G], 
samples can be transported either on wet ice or on dry ice (≤ −70ÐC). Transport of samples 

on wet ice imposes substantial logistical challenges, as the samples must be shipped 

immediately and the central lab site must be ready to receive them whenever they become 

available. This method of sample preservation for transport would itself introduce technical 

variation as each sample would constitute a separate batch. Alternatively, cryopreservation 

allows long-term storage of samples so that they can be shipped when convenient, and 

samples can be processed in batches in a controlled manner.

Biopsy tissue can also be frozen as intact tissue at the collection site using methods similar 

to those used to cryopreserve viable cells51, 52. Cryopreserved tissue can then be thawed, 

dissociated and analyzed at a later time. Freezing intact tissue samples offers several 

advantages: it minimizes the handling required at enrollment sites as tissue can be rapidly 

frozen after acquisition; it enables the accumulation of a biorepository of intact, viable 

tissue; and it allows the accumulation of samples at a central processing site, where they can 

be processed and analyzed in large batches to reduce batch-to-batch technical variation. The 

AMP RA/SLE Network, a multi-center effort to study tissue samples from patients with RA 

and SLE using single-cell technologies, developed and implemented this cryopreservation 

strategy for LN kidney biopsy samples collected across the network (FIG. 1)51 .

In the AMP RA/SLE Network experience, cryopreservation of intact kidney tissue provided 

increased total cell yields compared with cryopreservation of dissociated kidney cells52. 

Whether tissue cryopreservation and subsequent dissociation is better than tissue 

dissociation followed by cryopreservation might vary depending on the tissue type although, 

in general, maintaining cells in their microenvironment is likely to induce less stress than 

removing cells from their native cell–cell contacts. Compared with freshly processed 

samples, in kidney samples subjected to cryopreservation and thawing, the temperature 

disturbance led to the upregulation of a specific set of genes. However, these transcriptomic 

changes are relatively small compared with the transcriptomic signatures that discriminate 

cell populations and also differ from the signatures that distinguish LN kidneys from control 

kidney samples. Notably, with the exception of neutrophils, leukocytes survived 

dissociation, freezing and thawing far better than both epithelial cells and endothelial cells 

and, as a result, their extracted gene expression data is of superior quality than that of other 

cell types51. Efforts to block caspase-mediated apoptosis with small peptide caspase 

inhibitors or to engage adhesion molecules with soluble ligands to mimic cell-cell contact 

failed to improve cell yields (B. Diamond, unpublished observations).

Following dissociation of tissue into single cells, it might be advantageous to purify intact, 

live cells from dead cells and debris, and this can be achieved with magnetic separation 

methods or through flow cytometric cell sorting53. One advantage of using cell sorting is 

that it enables the isolation of specific cell populations of interest; however, the additional 

handling time required for cell staining and sorting might impose additional stress on the 

cells. Single-nuclear RNA-seq (snRNA-seq) is an alternative RNA-seq approach in which 
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nuclei are specifically isolated from cells for sequencing54. This method can be applied to 

intact frozen tissue samples, bypassing some of the challenges of tissue dissociation and the 

requirement for isolation of viable cells. snRNA-seq might reduce transcriptomic artefacts 

induced by cell stress and improve acquisition of data on renal resident cells 32, 55. While the 

number of transcripts detected with snRNA-seq is generally lower than that detected with 

scRNA-seq, data to date suggest that both methods detect similar numbers of genes in renal 

biopsy samples 32, 55, 56.

Quality control metrics

Determining the number of cells that provide high-quality single-cell transcriptomic data is 

not entirely straightforward because the number of cells considered suitable for analysis 

depends on the quality metrics and cutoffs used. Quality control metrics for scRNA-seq 

often include cutoffs for the number of genes detected per cell (a higher number indicates 

better quality) and the proportion of reads mapped to mitochondrial genes (a lower 

proportion indicates better quality)57. In one AMP RA/SLE Network analysis, only 10–15% 

of kidney epithelial cells met the cutoffs of more than 1,000 genes detected per cell with less 

than 25% of the transcripts derived from mitochondria 51. However, both the number of 

genes identified per cell and the proportion of mitochondrial reads might vary depending on 

the sequencing technology platform used and on the cell type studied. The 10X Genomics 

platform, for example, uses a droplet-based scRNA-seq method, which typically detects the 

expression of a smaller number of genes and therefore a lower threshold for this parameter is 

often applied58. In addition, RNA yields and quality may vary with cell type — leukocytes, 

for example, often demonstrate good viability whereas healthy parenchymal cells are more 

challenging to isolate and study51, 52. It is possible that this challenge is exacerbated in 

diseased kidneys, as they likely harbor stressed cells that might be especially vulnerable to 

the manipulations needed to preserve and dissociate tissue.

Acquisition of control kidney tissue

For studies focused on comparing different renal pathologies or stages of disease 

progression, the comparison between samples obtained from groups of patients with the 

relevant diseases might suffice. However, the inclusion of healthy kidney tissue addresses an 

additional set of questions about the differences between kidneys with and without 

pathology. Several options exist for obtaining healthy kidney tissue. For example, 

histologically normal kidney tissue can be dissected from surgical specimens obtained from 

tumor nephrectomies – such tissue is often available in relatively large quantities. However, 

the surgical procedure itself subjects nephrectomized kidney tissue to the stress of warm 

ischaemia and, typically, no information is available regarding the extent of cellular 

perturbations in tissue surrounding the tumor. An alternative is to use biopsy tissue from 

living donor kidneys as control tissue. The extensive evaluation of renal function of kidney 

donors prior to surgical removal of the kidney makes it very likely that the collected kidney 

tissue is healthy. However, kidneys obtained for transplant are perfused to remove blood 

cells, which potentially removes blood cells that accumulate within renal vessels and might 

introduce technical variation between these samples and those from biopsied native kidneys. 

Comparison of kidney biopsy samples taken before and after perfusion might reveal if 
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particular blood cells accumulate in the vasculature of healthy glomeruli and enable their 

comparison with circulating blood cells; however, such datasets are not yet available.

Disease heterogeneity

Multiple clinical features should be considered in the design of a study to interrogate cellular 

features of LN, including the histological class of glomerulonephritis, sex, ethnicity, drug 

treatment, and systemic disease activity. The ISN classification of LN includes 6 defined 

pathological states (classes 1–6) 13. Both the heterogeneity of disease mechanisms and 

whether patients with any class of disease can progress to a higher degree of pathology are 

poorly understood – assessing the minimum number of samples that must be analyzed to 

survey the spectrum of pathology in each class is therefore problematic. Class 6 disease, 

characterized by the presence of large numbers of sclerotic glomeruli, represents an 

advanced stage of pathology that is presumed to progress to ESRD and thought to be non-

responsive to immune-targeted therapy due to irreversible tissue damage59. Patients with 

disease classes 3 or 4 (proliferative nephritis [G]), as well as those with class 5 disease 

(membranous nephritis [G]), are at risk of progression to ESRD but are thought to benefit 

the most from immunosuppressive therapy 1, 8. Proliferative forms of LN can be 

distinguished from membranous disease by light microscopy. The variability in disease 

progression and responses to treatment among patients, including in patients within the same 

ISN class of disease59, suggests that multiple immunopathological mechanisms exist and 

highlights the importance of additional predictive metrics. Detailed cellular analyses of LN 

offer the potential to yield insights into the molecular pathways and cell types involved in 

disease, and to identify predictive biomarkers (FIG. 2).

Some studies of blood cells have suggested that transcriptional differences exist between 

men and women and over the human lifespan 60, 61. Data also suggest that SLE might differ 

between sexes 62. Clinically, disease is often more severe in men but 90% of patients with 

SLE are female and an unselected population will thus have few males. It might therefore 

seem reasonable to study females first and determine an approximate number of patients 

who need to be studied to assess patient heterogeneity before initiating a study of male SLE 

patients.

Several studies have identified SLE risk alleles that pertain to particular racial or ethnic 

populations63. However, it is not known whether polymorphisms associated with race and/or 

ethnicity alter LN pathogenesis. Although African Americans who carry the APOL1 risk 

allele are more likely than individuals with non-risk alleles to develop LN 64, studies 

involving large numbers of genotyped individuals are needed to determine whether the LN 

of individuals with APOL1 risk alleles involves different cell types and pathogenic 

mechanisms. One reasonable approach is to include all racial and ethnic groups in 

exploratory studies and then evaluate if these variables associate with molecular or cellular 

features of LN.

The differences between new-onset LN and recurrent LN flares also need to be addressed. 

Data on whether the first occurrence of LN is the same or different from a renal flare are 

scarce. LN patients, especially those with an LN flare, are often receiving numerous 

medications that might affect the transcriptional profile of both infiltrating immune cells in 
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the kidney and stromal cells. Corticosteroids diminish the interferon signature present in 

blood cells, as well as the expression of genes downstream of nuclear factor-κB (NF-

κB)25, 26, and presumably in tissue infiltrating and tissue resident cells in LN,. The effects 

on gene expression of other medications used to treat patients with SLE are not well 

understood. However, studying only treatment-naive individuals is very challenging as 

therapy is often initiated even before biopsy.

The inclusion of a population that is potentially very heterogeneous with respect to 

demographic characteristics, disease manifestations and drug regimens means that some 

patient subsets will include very few individuals. For these patient subsets, it may not be 

possible to evaluate with confidence how single-cell transcriptional data from the kidney 

differ from that of other patient subsets; however, identification of such individuals will 

indicate the cohorts from whom more samples are needed.

Insights from studies of lupus nephritis

Leukocyte subsets in LN kidneys

Histological and bulk transcriptomic analyses of LN kidney biopsy samples suggest that the 

presence of lymphocyte infiltrates is associated with reduced renal function and poor 

prognosis 36, 37. To shed light on the composition and activation states of these immune 

infiltrates, as well as their effect on kidney epithelial cells, the AMP RA/SLE Network 

analyzed gene expression in single cells isolated from dissociated kidney samples, using two 

approaches. In one approach, total kidney cells were analysed without preselection, which 

mostly profiled kidney epithelial cells as these represent >90% of kidney cells. This analysis 

identified disease-associated features of kidney epithelial cells, including the expression of 

both ISGs and fibrosis-associated genes in patients with LN who had an inadequate response 

to treatment65 In parallel, immune cells were purified by flow cytometric single-cell sorting 

for an analysis that focused on the immune cell compartment in LN kidneys 51. A 

comprehensive assessment of the transcriptional profile of immune cells present in LN 

kidneys versus healthy kidney tissue begins to address multiple questions about active 

immune mechanisms in LN kidneys and their clinical implications, as detailed below (see 

also BOX 2).

A total of 21 immune cell subsets were identified in LN kidneys51 – four macrophage 

clusters, including a tissue resident subset frequent in the living donor samples; ten clusters 

containing T cells or NK cells, including a tissue resident CD8+ T cell subset, a large 

populations of cytotoxic CD8 T cells and NK cells, regulatory T cells and a TFH-like 

population; two dendritic cell (DC) clusters (plasmacytoid and conventional); and four B cell 

clusters, including naïve, memory and antibody-secreting B cell populations. One cluster of 

proliferating cells included T cells, NK cells and myeloid cells. The infiltrating myeloid and 

lymphoid cells detected by scRNA-seq were consistent with prior immunohistochemical and 

immunofluorescent analyses37, 42, 66, 67. Although the total number of cells analyzed was 

relatively small (~2,700 leukocytes), a saturation analysis [G] showed that increasing the 

number of analyzed patients is unlikely to reveal new large cell clusters 51. These 

observations begin to define cell populations that contribute to immune injury in LN (FIG. 

3).
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Normal kidney tissue from perfused living donors was dominated by two major immune cell 

populations: a myeloid population that is not highly similar to blood subsets and a 

population of effector memory CD4+ T cells 51. Essentially no B cells were present in 

healthy kidney, as assessed by both flow cytometry and scRNA-seq.

In situ activation of immune cells

A second important observation is that cells transition between activation states within the 

kidney 51, 68, 69. A clear continuum of cells exists among patrolling CD16+ macrophages, 

phagocytic macrophages and macrophages with a transcriptional profile of alternatively 

activated macrophages as well as high expression of genes associated with tissue repair. This 

represents a presumed transition from cells that remove debris in the vasculature to cells that 

remove debris in sites of inflammation to macrophages making soluble mediators that help 

suppress inflammation. Importantly, analysis of each cell at a single moment in time 

precludes a clear understanding of the directionality of the transition. However, because the 

macrophage population with the alternative activation–tissue repair gene signature is the 

least similar to blood monocytes, it seems likely that it corresponds to the last state in a 

differentiation pathway that occurs in the kidney, beginning with the patrolling, 

inflammatory CD16+ monocytes51, 70, Further studies will be required to test this 

hypothesis. It will also be interesting to ascertain if this macrophage differentiation pathway 

is present in other affected tissues in patients with SLE or if macrophage activation pathways 

are tissue-specific. Moreover, an analysis of repeat biopsies might elucidate whether a 

correlation exists between changes in macrophage subpopulations and patient responses to 

therapy.

A continuum of B cell phenotypes, which spanned naive B cells and activated B cells, also 

identified transitions among B cell subsets in the kidney 51, 71. Of note, the activated B cell 

subset included cells with a gene expression signature characteristic of age- and/or 

autoimmunity-associated B cells (ABCs)72, 73. Plasma cells were also present in the kidney 

but trajectory analyses of scRNA-seq data did not identify a continued differentiation of B 

cells into plasma cells within the kidney, suggesting that plasma cells might enter the kidney 

as plasmablasts [G] and might be clonally unrelated to the other B cells in the kidney. This 

finding is especially surprising as ABCs have been reported to be poised to become plasma 

cells 71, 74. The absence of transitions of B cells into plasma cells in LN kidneys might be 

due to a paucity of local availability of IL-21, a cytokine required for optimal plasma cell 

differentiation75, IL-21 was not abundantly detected in immune cells in the kidney in the 

AMP analysis; however, the limited sensitivity of scRNA-seq makes it difficult to detect 

expression low-abundance transcripts such as a cytokines. Thus it is possible that IL-21 is 

produced but not able to be detected. Alternatively, IL-21 might be produced by a small 

subset of T cells, which might not have been adequately sampled considering the number of 

analyzable cells. A third possibility is that the transcriptomic transition from ABC to plasma 

cell occurs abruptly with a few intervening steps, such that the intermediate states are not 

well captured by trajectory analysis. Surprisingly cell division was not observed among B 

cells in the scRNA-seq analysis, as clonal expansion of B cells has been reported in the 

kidney of patients with lupus nephritis66. These observations may be affected by the 

relatively small number of plasma cells and B cells profiled, or limitations in the ability to 

Rao et al. Page 10

Nat Rev Nephrol. Author manuscript; available in PMC 2020 May 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



identify transcriptomic features that distinguish proliferating B cells from other B cells in 

scRNA-seq data. A more direct analysis of BCR specificities, which can be obtained at the 

single cell level with 5’ scRNA-seq [G] 76, is required to determine the clonal relation of the 

different subsets of B cells in LN kidneys and enable the analysis of the antigenic 

specificities of infiltrating B cells.

Kidney-infiltrating versus blood cells

Other unexpected findings included the absence of certain circulating cell subsets in the 

kidney, and of kidney cells previously identified in murine models of LN. For example, we 

identified a tissue resident macrophage population that does not have a blood counterpart. In 

addition, a second macrophage subset expressed an alternatively activated transcription 

profile distinct from all currently described blood subsets 77. These observations validate the 

importance of high-dimensional analysis of kidney immune cells to help understand renal 

pathology, as studies focused on circulating cells cannot reveal therapeutic targets unique to 

the kidney. It is now critical to develop protocols that can promote the differentiation of 

blood monocytes into the novel activation states found in the kidney, which would enable 

functional analyses of these cells.

Few, if any, TH17 cells were detected in LN kidneys, despite their presence in some, but not 

all, mouse models of the disease 78-82.In addition, a distinct CD8+ T cell population with an 

‘exhausted’ signature was not detected in LN kidneys51. Exhausted T cells are a prominent 

feature of kidney T cells in murine SLE models83, and a global exhaustion signature in 

blood CD8+ T cells has been correlated with long-term disease quiescence and good 

responses to therapy in lupus patients84. Increased expression of exhaustion-related genes 

was detected in bulk CD8+ T cells from the blood of LN patients in the AMP cohort, 

compared to samples from healthy controls51. However, although expression of some 

‘exhaustion’ related genes was detected in T cells from the LN kidneys, no single T cell 

cluster expressed high levels of these genes, which would be required to recognize a discrete 

population of exhausted T cells. Determining whether the ‘exhausted’ signature represents 

the gene expression profile of more than one T cell subset in kidneys of patients with LN has 

mechanistic and therapeutic implications and requires further analysis.

The AMP analysis also identified an upregulation of ISGs in all cell subsets in the LN 

kidneys, including both immune and non-immune cells 51, 65. The degree of upregulation of 

these genes was positively correlated between kidney and blood, suggesting that this 

activation pathway reflects a systemic process 51, 85. Induction of ISGs also occurs within 

the kidney, as tissue resident cells also upregulated genes induced by interferon. This 

upregulation might result from the production of type 1 interferons by kidney myeloid cells 

and plasmacytoid dendritic cells, perhaps stimulated by immune complexes containing 

nucleic acids and locally-secreted high mobility group protein B1 (HMGB1) that activate 

endosomal Toll-like receptors (TLRs), or through the activation of the STING (stimulator of 

interferon genes)-controlled innate immune pathway, which is induced by cytosolic DNA. 

IFN-γ production by infiltrating T cells or NK cells might also contribute to the local 

interferon signature.
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scRNA-seq data and mechanistic insights

Almost every blood-borne cell population in the kidneys of patients with LN expressed CXC 

chemokine receptor type 4 (CXCR4), with >50% of the cells expressing CXCR4 in all but 2 

of the leukocyte clusters 51. CXCL12, the ligand for CXCR486, 87 was expressed primarily 

by the alternatively activated macrophage population that appears to differentiate within the 

kidney, although it might also be produced by kidney epithelial cells51, 88. Although this 

macrophage population expresses some genes associated with tissue repair (e.g. CD169, 

C1Q), the upregulation of numerous chemokines in this cell subset might also sustain the 

inflammatory response in the kidney89. This observation suggests that disease mechanisms 

in LN are complex and that some cell subsets potentially contribute to both sustained 

inflammation and repair. Of note, CXCL12 has been shown to be an effective therapeutic 

target in murine lupus 90. In addition to CXCR4, the majority of myeloid cells (54–76%, 

depending on the specific cell subset), and more than 90% of NK cells and cytolytic T cells, 

expressed CX3C chemokine receptor 1 (CX3CR1)51; its ligand (CX3CL1), seems to be 

primarily produced by epithelial cells in LN kidneys data but is also known to be expressed 

by endothelial cells51, 91.

One important insight from the scRNA-seq data was that many of the same cell populations 

were found in multiple patient samples, although the relative proportions of the different 

leukocyte populations varied51. In this initial cohort of 24 patients, a distinct correlation 

between the composition of kidney immune cell compartment and LN classification was not 

identified. Perhaps it is not surprising that classes 3 and 4 could not be distinguished given 

the small number of samples from each group (n=7 class III samples, n=12 class IV 

samples) and their histological similarity. More surprisingly, pure membranous disease 

(class 5) could not be distinguished from proliferative disease (classes 3 and 4), even though 

class V biopsies lack an increased cellularity in glomeruli, which differs clearly from class 

III and class IV biopsies. The similar leukocyte yields obtained from biopsy samples 

corresponding to disease classes 3, 4 and 5 suggest that most of the leukocytes obtained 

from dissociated kidney biopsy samples, in particular lymphocytes, derive from the 

interstitium rather than the glomeruli. This is consistent with the histologic assessments of 

lymphocyte infiltrates, which show that most of the lymphocytes accumulate in the 

interstitial regions rather than in glomeruli67. It is also possible, even likely, that although 

SLE might be a heterogeneous disease with respect to mechanism of disease induction, the 

ensuing inflammatory response in the kidney may be more homogeneous. This might lead to 

a greater opportunity to discover therapeutic targets that would be broadly applicable across 

different subgroups of patients with SLE.

Limitations of scRNA-seq and next steps

The currently available RNA-seq datasets provide a framework to define the immune cell 

populations in LN kidneys but these analyses only provide a starting point for addressing 

multiple additional questions.

Relationships between cell types and clinical features over time.—Since data 

from biopsy tissue are obtained from a single moment in time, the directionality of 

transitions between cellular states observed in LN kidneys can be inferred but not 
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demonstrated with certainty. Data from repeat biopsy samples may provide compelling 

information on the directionality of transitions as one subset may be absent in a sequential 

biopsy obtained during therapy. Analyses of repeat biopsies, which are now becoming 

standard in clinical practice, will determine which baseline features of the kidney infiltrating 

and resident cells are most predictive of response or non-response to therapy, or whether 

changes in cellular profiles are a better prognostic indicator. Finally, repeat biopsies might 

identify important therapeutic targets by identifying cell subsets that change in response to 

therapy.

Relationships between infiltrating immune cells and renal resident cells.—As 

leukocytes generally represent less than 10% of the cells obtained from a dissociated kidney 

biopsy, it may be necessary to isolate CD45+ cells in order to obtain the greatest possible 

insight into renal leukocytes. However, analysis should not focus exclusively on leukocytes 

as the examination of both immune and non-immune cells from the same tissue will provide 

important and perhaps surprising data. The identification of the leukocyte subsets present in 

the areas of renal tissue with the most tubular atrophy and stressed epithelial cells, for 

example, might provide insight into which populations contribute to renal tubular cell 

damage. Alternatively, it might be that the predictor of response to therapy lies more with 

how parenchymal cells respond to immune attack rather than with the infiltrating immune 

cells themselves.

Cellular features not captured by scRNA-seq—These scRNA-seq approaches do not 

provide direct measurements of microRNA, proteomic or metabolic data, although some 

insights can be inferred. Although such analyses have been performed on blood and urine of 

patients with SLE92-94, none have been performed on tissue. Technical advances that 

combine cell surface protein detection with scRNA-seq, such as REAP-seq and CITE-seq 
95, 96, enable the correlation of protein expression with transcriptomic data and are of great 

interest in the analysis of tissue pathology. However, the proteolytic enzymes used to 

dissociate tissue for single cell analyses also can cleave membrane molecules and might lead 

to an artefactual loss of antibody binding97. The possibility of maintaining dissociated cells 

in culture for a short time to allow re-expression of cleaved surface proteins without altering 

transcriptional profile of the cells has not been explored.

Transcriptional analyses of LN have thus far not included an assessment of T and B cell 

antigen receptor repertoires so it has not yet been possible to detect clonal expansions in the 

kidney, which have been demonstrated for CD8 T cells and plasma cells through other 

methodologies 66, 67. It would be important to determine if B and T cell activation in the 

kidney is antigen-specific or is secondary to mitogenic signals.

Perhaps most importantly, information on the anatomic localization of the cells and their 

intercellular interactions is largely lost when analysing dissociated single cells37. Although 

these interactions can perhaps be deduced by analyses of receptor–ligand pairs for 

chemokines and cytokines, only the direct visualization of the spatial relationships among 

cells can really address this question. Because cellular localization cannot be determined 

with scRNA-seq, it is also not possible to discriminate leukocyte populations that infiltrate 

or reside in the kidney from those that may be circulating through the glomeruli or other 
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vasculature of the kidney. Immunohistology, including the applications of highly 

multiparametric methods, as well as spatial transcriptomics, can assist in this analysis and 

might be enhanced by using markers identified through global transcriptomic data to localize 

individual cell populations 98, 99.

Pathological implications of immune cell phenotypes.—Deciphering whether a 

particular subset contributes to or limits pathology is complex issue, even when detailed 

descriptions of the transcriptomic features of specific cell populations, and perhaps even 

their anatomic localization, are available. For example, the macrophage population that is 

most dissimilar from blood populations and acquires its transcriptional profile within the 

kidney expresses molecules that are generally associated with tissue repair but is also a 

major source of the chemokines presumed to recruit blood cells into the kidney51. It is 

difficult, therefore, to assess whether this subset should be targeted therapeutically. Perhaps 

an analysis of the potential correlation between renal outcome and the presence of these 

cells in the kidney will be helpful, with the expectation that pathologic cell types will be 

highly represented in samples from patients with deteriorating renal function. A focus on 

infiltrating cell types that express likely pathological effector molecules such as granzymes 

might also be a reasonable approach to prioritize potential therapeutic targets. Using murine 

models that recapitulate the relevant cell phenotypes and effector functions may then allow 

further experimental manipulation.

Finally, it is also important not to over-extrapolate from the renal immune landscape. 

Although interstitial disease in the kidney correlates best with long term renal outcome 14-18, 

both human disease and murine models clearly indicate that glomerular immunoglobulin 

deposition is an initial trigger for LN100. Thus, the activation of extra-renal B cells that 

produce nephrogenic antibodies remains a rational therapeutic target whether or not such B 

cells can be found in the kidney. Targeted B cell therapies are an important focus of SLE 

therapeutics and include the approved biologic, belimumab, as well as agents that deplete B 

cells and plasma cells, agents that diminish B cell receptor signaling pathways, and agents 

that block B cell–T cell interactions101.

Neutrophil activation is also detectable in the blood of patients with LN but although 

histological analysis of LN kidneys indicates the presence of neutrophils in the tissue 102, 

these cells are unlikely to survive the tissue procurement and processing protocols required 

for analysis by RNA-seq. The transcriptional profile of neutrophils in LN kidneys is 

therefore not presently known. Neutrophils contribute to SLE pathogenesis, in part, through 

the extrusion of oxidized DNA, which is highly interferonogenic, and might thus be an 

appropriate therapeutic target in LN whether or not there are functional differences between 

circulating and infiltrating kidney neutrophils103. Advances in snRNA-seq technology might 

enable the analysis of neutrophil activation states in the kidney.

Conclusions

Global transcriptomic profiling of individual cells from LN kidneys has substantially 

improved the resolution with which we understand the immune cell infiltrates in LN, 

outlining many of the prominent myeloid, T cell, and B cell subsets that accumulate in LN 
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kidneys and their characteristic gene expression programs. Although important limitations 

exist when interpreting scRNA-seq data, applying these approaches to informative cohorts of 

patients with LN, as well as other kidney diseases, may yield clinically useful metrics of 

prognosis and treatment response. Future studies should address whether the composition of 

the renal leukocyte infiltrate, or the transcriptomic signature of specific leukocyte 

populations in the kidney, correlates with kidney disease progression. Such observations 

might inform the development of predictive biomarkers based on simpler readouts of kidney 

biopsies such as immunohistochemistry (for example, staining for a specific cell population 

or cytokine), the identification of novel urine biomarkers (for example, detection of a cell 

population rather than measurement of UPCR) (BOX 3) and the development of therapeutic 

interventions that disrupt pathways enriched in LN kidneys. Perhaps one of the most 

important gains of a more widespread study of the transcriptional program of tissue resident 

and infiltrating cells in LN will be the creation of a new classification system that is based 

on the expression of prognostic markers that reflect molecular mechanisms of disease and 

tissue injury.
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Glossary terms

Unsupervised clustering
unbiased approach used to identify sets of samples that share similar gene expression 

signatures.

Laser capture microscopy
a method that uses microscopy to identify and selectively collect specific regions of a tissue 

section for downstream analyses such as RNA expression measurement

Computational deconvolution
in RNA-seq analysis, an effort to quantify or identify features of individual cell populations 

from bulk RNA-seq data using cell type-specific reference datasets.

Cryopreservation
the process of freezing a sample (e.g. tissue, cells) for long-term storage, often using a 

controlled freezing method in the presence of a cryoprotectant such as dimethyl sulfoxide to 

preserve cell viability during freeze and thaw.

Proliferative nephritis
a form of nephritis characterized histologically by endothelial and mesangial proliferation 

within glomeruli

Membranous nephritis
a form of nephritis characterized by thickening of the glomerular capillary wall with 

subepithelial deposits but without cellular proliferative changes.
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Saturation analysis
a procedure to estimate the extent to which a given sample represents a studied population. 

Typically, this involves downsampling the original data, computing a statistic of interest (e.g. 

the number of discovered clusters) and estimating its rate of change across a sequence of 

sample sizes.

Plasmablasts
a differentiated B cell population specialized for secretion of antibodies; often a precursor to 

plasma cells.

5’ scRNA-seq
single cell RNA-seq methods that sequence RNA transcripts from the 5’ end, allowing 

clearer analysis of the 5’ end of RNA transcripts, as opposed to the more common strategies 

of RNA-seq that analyze transcripts from the 3’ end.
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Key points:

• Single-cell RNA-seq has begun to define the phenotypes of distinct immune 

cell populations that accumulate in the kidney in LN, which can be assessed 

across patients to identify molecularly distinct disease mechanisms and 

inform precision medicine strategies.

• Design of cohort studies of LN using single cell RNA-seq must balance the 

desire for optimal samples with feasibility, and must consider aspects of 

clinical heterogeneity including disease duration, gender, race, and drug 

treatment in enrollment criteria.

• Cryopreservation of tissue biopsies allows for accumulation of a biorepository 

of tissue containing viable cells, which can be analyzed uniformly in batches 

to reduce technical variation.

• Comparison of immune cells in the kidney with cells from urine and blood 

might identify cellular markers that can be measured in urine or blood and 

reduce the need for invasive kidney biopsies.
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BOX 1:

Major design considerations for scRNA-seq analysis of LN kidneys

Key aspects of study design and implementation must be established for informative 

scRNA-seq analyses of kidney biopsy samples.

Patient selection and eligibility

The selection of patients with new-onset, proliferative LN who have not received 

immunosuppressive treatment might be considered ideal for studies of immune cells in 

lupus nephritis. However, since restricting patient selection to such a limited cohort 

substantially limits enrollment, alternative options should also be considered.

• ISN classification: select only patients with proliferative GN or also include 

membranous GN

• Immunosuppressant treatment: select only treatment-naïve patients or include 

cross-sectional cohort on varied medications

• Disease course: select only patients with new-onset disease or include 

samples from re-biopsy of patients with known LN

Initial handling of kidney tissue

The ability to preserve and transport tissue samples for centralized processing greatly 

expands the number of samples analyzed and minimizes technical noise.

• Analysis infrastructure: each collection site runs the final analysis (for 

example, RNA-seq) or collected samples are analyzed at a central site.

• Tissue dissociation: each site dissociates tissue into single cells for 

preservation or intact tissue samples are immediately preserved with minimal 

handling.

• Sample transport: samples are shipped on wet ice immediately after collection 

or cryopreserved for long-term storage and batched transport.

Tissue dissociation into single cells

Tissue dissociation protocols should be optimized to achieve maximum cell yield with 

minimal cell perturbation.

• Enzymatic digestion: enzyme specificity and timing should be selected to 

maximize cell yields but limit loss of cell surface markers (if protein 

expression of these markers is to be assessed).

• Temperature: use of proteolytic enzymes that are active at cold temperatures 

should be considered to reduce potential transcriptomic changes induced 

during tissue digestion104.

• Culture conditions: the use of culture media and media supplementation 

should be optimized to maintain cell health and/or inhibit cell death.

Capture of single cells for transcriptomic analysis
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Method selection depends on cell yield, cell populations of interest and the need to purify 

cells from tissue debris.

• Cell capture: droplet-based, microfluidic or flow cytometric capture of single 

cells.

• Cell selection: profile all cells in the sample or enrich for specific cell 

populations.

• Removal of dead cells and debris: purify intact, live cells through magnetic 

column separation or flow sorting; alternatively cells can be directly analysed 

after tissue dissociation.
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Potential insights from scRNA-seq studies of immune cells in patients with lupus 
nephritis

Cellular identities in lupus nephritis kidneys

• Number of identifiable distinct cell clusters (that is, populations)

• Identity of cell types included in each cell cluster

• Transitions between clusters indicative of multiple differentiation states

Cell types associated with disease

• Identification and characterization of cell clusters that correspond to tissue 

resident cells in the healthy kidney

• Identification of which cell clusters are over-represented in lupus nephritis 

kidneys compared with healthy tissue

• Determination of cellular pathways that are activated by the cell clusters over-

represented in lupus nephritis kidneys

• Detection of migratory signals potentially linked to the recruitment of 

infiltrating immune cells

Immune correlates with clinical disease

• Correlations between kidney cell types and ISN/RPS (International Society of 

Nephrology and /Renal Pathology Society) disease classes or histological 

features

• Correlations between serological or blood metrics (for example, complement 

components, autoantibodies and interferon scores)

• Identification of surrogate samples (for example blood or urine)
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BOX 3:

Urine as a surrogate marker of kidney pathology

The development of a non-invasive method to detect and monitor kidney injury would be 

a major advance over the current need for a kidney biopsy. Numerous studies have 

attempted to study urine to understand renal pathology in lupus, generally with a focus on 

urine proteins, and have identified factors associated with lupus nephritis, including 

TWEAK and MCP1105-109. Immune cells accumulate in urine of patients with lupus 

nephritis51, 110-112, raising the possibility that these cells reflect renal pathology. Immune 

cells from urine can be collected by urine centrifugation and analyzed by flow cytometry, 

bulk RNA sequencing (RNA-seq) and single-cell RNA-seq (scRNA-seq)51, 52. The 

resulting cell profiles can be compared to those of immune cells isolated from kidney 

biopsy samples to identify similarities and differences, and to assess the potential utility 

of using urine to assess renal immune pathology. Data from the Accelerating Medicines 

Partnership (AMP) suggests that hematopoietic cells in the urine closely resemble those 

in kidney although their relative proportions differ in kidney and urine51. Additional 

studies are needed to determine whether urine will be a useful surrogate for kidney 

biopsy.

Advantages of analysis of cells from urine

• Simple and non-invasive

• Can be collected serially to monitor changes in cell composition over time

Potential limitations of analysis of cells from urine

• Might select for only a subset of the immune infiltrate that can access urine 

from glomeruli or tubules

• Might select for only a subset of cells that can survive in the unfavourable 

urine microenvironment

• Urine may alter transcriptomes or function of immune cells and obscure their 

function in kidney

Cytometric analysis of lupus nephritis urine cells

• Provides rapid, inexpensive quantification of urine immune cell composition

• Careful fluorophore selection to avoid autofluorescence enables multi-

parametric analysis

• Immune cells in urine are enriched for myeloid cells and depleted of 

lymphocytes compared to LN kidneys51

• The frequency of CXCR3+ CD4+ T cells in urine is associated with disease 

activity in lupus nephritis110

Transcriptomic analysis of lupus nephritis urine cells

• Provides high-dimensional analysis of cell phenotypes and gene expression 

patterns.
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• Rapid collection and processing yields high-quality RNA for global 

transcriptomics

• Initial scRNA-seq analyses show that the transcriptomes of immune cell 

populations from urine strongly resemble comparable populations in lupus 

nephritis kidneys
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Figure 1: Implementation of single-cell RNA-seq to study lupus nephritis kidney biopsy samples.
Kidney tissue is routinely biopsied for histological evaluation of lupus nephritis (LN). 

Additional kidney tissue can be obtained at the time of biopsy for dedicated cellular 

analyses. The ability to store and transport these samples so that they can be analyzed in a 

uniform manner at a central processing site has enabled such analyses to be performed 

across multiple sites as a collaborative project. Intact kidney tissue, as well as cells from a 

pre-biopsy urine sample, can be cryopreserved immediately after acquisition and then 

transported to a central site. Kidney tissue can then be thawed and dissociated into a single 

cell suspension. For a focus on immune cells in LN, leukocytes from both kidney tissue or 

urine can be purified by flow cytometric cell sorting and then analyzed by single-cell RNA-

seq. These molecular analyses, combined with clinical and histological features, might 

provide new biomarkers that predict progression of LN to end-stage renal disease or a good 

response to therapy. These data might also provide insight into potential novel therapeutic 

targets and the heterogeneity of LN pathogenesis.
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Figure 2. Towards a cellular classification of renal immunopathology.
Current clinical data evaluate metrics of immune activation and tissue injury in kidney, 

urine, and blood. However, these analyses do not assess the immune cell types that may 

mediate disease in lupus nephritis (LN). Detailed single-cell analyses of kidney tissue might 

enable more precise quantification of the major immune and parenchymal cell phenotypes 

present in LN kidneys – such analyses might distinguish subsets of patients with distinct 

patterns of immune activation in the kidney. Once these populations are defined in LN 

kidneys, it may be possible to detect disease-associated cell populations or cell states in 

urine as well, although the cell ratios and abundances are likely to differ. Selected 

populations enriched in LN kidneys might also be detectable in blood, where they would 

likely represent rare populations within the large pool of circulating mononuclear cells. 

Identification and detection of these cell populations or pathways might improve patient 

stratification and enable more precise selection of therapies that directly target the relevant 

cell types and better monitoring of response to therapy.
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Figure 3. Insights into composition of renal immune cell compartment obtained from single-cell 
RNA-seq analysis of lupus nephritis kidneys.
Single-cell RNA-seq analyses of leukocytes in lupus nephritis (LN) kidneys have revealed 

the presence of multiple immune cell subtypes with characteristic gene expression patterns. 

RNA expression patterns can suggest both potential effector functions and developmental 

trajectories. CD8+ T cells were segregated into two distinct effector populations, including a 

cytotoxic T cell (CTL) population with strong similarities to natural killer (NK) cells and a 

separate population with high expression of granzyme K. CD4+ T cell populations included 

an effector population, a population of T regulatory (Treg) cells and a T follicular helper 

(TFH)-like cell subset likely to help B cell responses. B cells in LN kidneys segregated into 

naive and activated populations, and trajectory analyses indicated that differentiation of 

naive B cells into activated cells and age-associated B cells (ABCs) likely occurs in situ. In 

contrast, trajectory analyses segregated plasmablasts and/or plasma cells from other B cells, 

suggesting that these cells develop elsewhere. The presence of B cells at different stages of 

differentiation, including memory B cells, ABCs, and plasma cells, as well as TFH-like cells, 

suggests local antibody production and antigen-specific T cell activation by B cells within 

the kidneys. Several monocyte and myeloid populations present in the kidney also seem to 

be developmentally related – trajectory analyses suggest that inflammatory monocytes might 

transition into phagocytic and alternatively activated phenotypes. Whether some cell 

populations are associated with the initiation of inflammation and others with the resolution 

of inflammation is unclear. Further analyses of the localization of these distinct cell 

populations within the kidney will be of major interest. CCR5, C-C motif chemokine 

receptor 5; CXCL13, C-X-C motif chemokine ligand 13; FCRL5, Fc receptor like 5; 

FOXP3, forkhead box P3; GNLY, granulysin; GZMB, granzyme B; GZMK, granzyme K; 

IGHD, immunoglobulin heavy constant delta; IGHM, immunoglobulin heavy constant mu; 

IKZF2, IKAROS family zinc finger 2; ITGAX, integrin subunit alpha X; MAF, MAF bZIP 

transcription factor; MERTK, MER proto-oncogene, tyrosine kinase; PDCD1, programmed 

cell death 1; PRF1, perforin 1; S100A8, S100 calcium binding protein A8; SCARB2, 

scavenger receptor class B member 2; STAB1, stabilin 1; TCL1A, T cell leukemia/

lymphoma 1A; PTPRS, protein tyrosine phosphatase receptor type S; TCF7L2, transcription 

factor 7 like 2; TBX21, T-box transcription factor 21; TNF, tumour necrosis factor; VSIG4, 

V-set and immunoglobulin domain containing 4.
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Table 1:

Approaches to transcriptional analysis of LN kidneys.

Input Advantages Drawbacks

 

Total kidney tissue Global analysis without selective cell loss Cannot discriminate the source of the differentially 
expressed genes

Can be applied to archived samples in tissue banks

Laser capture dissection of 
kidney tissue sections

Can select anatomic substructures or cell 
populations for analysis

Requires specialized microscopy, relatively low 
throughput

Can be applied to archived samples in tissue banks Limited resolution complicates the ability to select 
individual cells within tissue

Tissue compartments isolated 
by manual microdissection

Can distinguish signatures restricted to glomeruli 
versus interstitium

Requires microdissection of fresh tissue upon 
acquisition

Cannot discriminate the cellularsource of the 
signature within the structure

Isolated cell subsets Analyzes signatures of specific cell populations of 
particular interest in detail

Only a limited number of cell populations can be 
analyzed and the remainder of the cells is lost.

Requires viable tissue for isolation of live cells

Requires flow cytometric cell sorting to isolate small 
populations with high purity

Cannot determine the localization of the cell 
populations

Individual cells Potential to analyze almost all cells in kidney 
sample

Requires viable tissue for isolation of live cells

Difficult to detect low – abundance transcripts

Cannot determine the localization of the cells
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