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Abstract

The kidney maintains electrolyte, water, and acid-base balance, eliminates
foreign and waste compounds, regulates blood pressure, and secretes
hormones. There are at least 16 different highly specialized epithelial cell
types in the mammalian kidney. The number of specialized endothelial
cells, immune cells, and interstitial cell types might even be larger. The
concerted interplay between different cell types is critical for kidney
function. Traditionally, cells were defined by their function or microscopical
morphological appearance. With the advent of new single-cell modalities
such as transcriptomics, epigenetics, metabolomics, and proteomics we
are entering into a new era of cell type definition. This new technological
revolution provides new opportunities to classify cells in the kidney and
understand their functions.
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INTRODUCTION

The nephron, the functional unit of the mammalian kidney, consists of a filtering unit, the
glomerulus, which is connected to a long tubule that is segmented into a proximal part responsible
for reclaiming important nutrients; an intermediate section, important for osmolarity regulation;
and the final segment, which is responsible for fine-tuning and electrolyte balance. The intimate
network of epithelial cells, endothelial cells, interstitial cells, and immune cells is critical to achieve
optimal function and maintain the milieu interieur (1–4). In addition to proximal-distal regional
differences, there are cortical medullary spatial differences. There are large differences in inter-
stitial sodium and urea concentrations between the cortex and medulla that are critical for water
homeostasis, and themedullary region is hypoxic even at basal conditions (5). Specialized epithelial
and immune cells are needed to survive such an environment. The kidney has a double capillary
bed (Figure 1). Glomerular capillaries originate from the afferent arterioles, and they are able to
withstand high hydrostatic pressures, which is a major driving force for filtration (6). The blood
from the glomerular capillaries is collected to the efferent arterioles, which divide again to the
second capillary bed, the peritubular capillaries. This second capillary system has low hydrostatic
pressure and is responsible for returning the reabsorbed fluid and electrolytes to the circulation.
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Figure 1

Overview of kidney epithelial and endothelial cell types. The various epithelial and endothelial cell types and subtypes of the kidney are
numbered and annotated in the subpanel representing the functional unit of the kidney, the nephron. Kidney-resident immune cells are
not included in the schematic. Abbreviations: ATL, ascending thin limb of loop of Henle; CD, collecting duct; CD-IC, collecting duct
intercalated cell; CD-PC, collecting duct principal cell; CD-Trans, collecting duct transitional cell; DCT1/2, distal convoluted tubule 1
or 2; DTL, descending thin limb of loop of Henle; Glom, glomerulus; TAL, thick ascending limb of loop of Henle.
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By changing the diameter of the afferent and efferent arteries, the kidney can quickly adapt to
environmental changes and uncouple glomerular filtration from blood pressure changes (6, 7).

Recently developed single-cell methods can characterize the entire transcriptome of thousands
of cells in a single experiment. Cells can then be organized into groups (clusters) based on their
gene expression information (Figure 2). Single-cell clustering is mostly, but not completely, un-
biased, and different resolutions of cell clustering could generate slightly different information.
It is also worth noting that some cell types may be preferentially captured; therefore, some data
sets might contain cells in proportions different from their natural occurrence. This review dis-
cusses this new unbiased single-cell gene expression data-based classification of kidney cell types.
This new gene expression–based cell type classification matches with the traditional functional
and genetic cell type definition with remarkable precision. Here, we discuss how each kidney cell
type has specialized to achieve this complex function, how an individual cell’s gene expression
supports this specific function, how cells change under a variety of physiological and pathological
conditions, and how cells interact with one another, as predicted by recent single-cell multi-omics
methods. We use two different single-cell RNA sequencing (scRNA-seq) data sets derived from
mouse kidneys to illustrate our findings (Figure 3).

THE COMPLEX VASCULATURE OF THE KIDNEY

Although human kidneys only weigh approximately 100–180 g (0.5% body weight), they receive
more than 20% of the cardiac output (8). The kidneys have a complex circulation, as the arterial
system gives rise to two consecutive capillary beds (9). First, it branches into the afferent arte-
rioles of the glomerulus, feeding the glomerular capillary bed, followed by the efferent arteriole,
which then branches again, generating the peritubular capillary bed supplying the entire nephron.
Glomerular capillaries are critical for making the primary filtrate, whereas the peritubular capil-
laries are critical for reabsorption via their close proximity to the tubular epithelial cells. The
cortical and medullary peritubular capillary endothelial systems show important differences (10).
The medullary vasa recta capillary system is right next to the loop of Henle and plays a critical
role in renal concentrating ability and preserving the high osmolarity of the medulla. In addition,
the parallel arrangement of the descending vasa recta (DVR) and the ascending vasa recta (AVR)
in the medulla causes an oxygen shunt, creating a hypoxic renal papilla. In contrast, the cortical
peritubular capillaries exhibit much higher blood flow and are critical for moving the large volume
of fluid reabsorbed by the proximal and distal tubules as well as the cortical portions of the thick
ascending limb of the loop of Henle back to the general circulation.

The kidney contains a large number of endothelial cells. Glomerular and pericapillary
endothelial cells separate clearly even in initial whole kidney single-cell sequencing analysis
(11, 12). Several studies have now performed single-cell analysis focusing exclusively on renal
endothelial cells by sorting-based enrichment (13, 14). These studies highlighted some known
pan-endothelial-specific markers such as Cdh5. While multiple subclusters have been identified,
most of the subclusters are defined by a combination ofmarkers rather than by just one single gene.

Glomerular endothelial cells are critical for filtration.Therefore, they are fenestrated and quite
different from other endothelial beds in the body (15). Glomerular endothelial cells are the key
target cells for vascular endothelial growth factor A (VEGFA,expressed by podocytes) even at basal
conditions (16, 17). Single-cell studies consistently indicated high levels of Kdr [VEGF receptor 2
(VEGFR2)] expression by glomerular endothelial cells (11, 18). These observations likely explain
the proteinuria development in up to 20% of patients taking VEGFA inhibitors. Several additional
genes show high specificity for glomerular endothelial cells, such as Plat, Emcn, Ehd3, Tsapn7, and
Lpl (11, 18, 19).One study subdivided glomerular endothelial cells into capillaries (expressing Kdr,
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Vasculature Podocytes

Proximal tubule (PT)

Collecting duct (CD)

Immune cells

Endothelium:
Nrp1, Cdh5, Eln

Glomerular endothelium:
Plat, Emcn, Tsapn7, Mapt, Kdr, 
Smad6, Ehd3, Lpl, Flt1, Fbln2, 
Mgp, Trpv4, Bmx

Capillaries:
Kdr, Smad6, Ehd3, Lpl, Flt1

Arterioles and arteries:
Fbln2, Mgp, Trpv4, Bmx, 
Sox17, Cxcl12, Gja5

Peritubular capillaries:
Plvap

Veins and venules:
Plvap, Bgn, Cd9, Nr2f2

Ascending vasa recta:
Fxyd2, Fxyd6, Igfbp7

Descending vasa recta:
Slc14a1, Aqp1, S100a4

Proximal convoluted tubule:
Slc5a2, Slc5a12, Adra1a, Slc6a19, 
Slc7a8, Slc7a9

Proximal straight tubule:
Atp11a, Slc13a3, Slc16a9, 
Slc27a2, Slc7a13, Slc22a6
(S2 segment), Slc1a1

PT progenitors:
Notch2, Lgr4

MD:
Enox1, Thsd4,
Nos1, Avpr1a

Macrophages:
C1qa, C1qb, Itgam, Apoe, 
C1qc, Cd74, Ctss, Fcer1g, 
Aif1, Ms4a7

Mesangium/smooth muscle cells
(SMCs)/juxtaglomerular cells (JGs)

Loop of Henle (LOH)/macula densa (MD)

Vas afferens:
Edn1, Fbln5, Cldn5, Efnb2

Vas efferens:
Klf4, Cryab, Gas6, Podxl

Mesangial cells:
Serpine2, Fhl2, 
Des, Prkca, Art3, 
Nt5e, Pdgfrb

Pericytes:
Vim, Tagln, 
Myh11, Pdgfrb

JGs:
Ren1, Akr1b7, 
Rgs5

SMCs:
Tagln, Myh11, 
Acta2, Gata3, 
Rergl, Map3k7cl

Adult podocytes:
Nphs1, Nphs2, 
Synpo, Cdkn1c, Wt1

Podocyte progenitors:
Wt1, Foxc2, Wt1, Mafb,
Efnb2, Foxl1

Pan-PT:
Slc34a1, Lrp2, Hxyd2, Hrsp12, 
Acsm1, Acsm2, Cpt1a, Acox3, 
Slc26a6, Slc9a3, Glud1, Pck1, 
Aqp8, Hnf4a, Ppara

Injured PT:
Havcr1, Krt20, Hspa1a,
Vcam1, Dcdc2a, Sema5a

Descending thin limb of LOH:
Fst, Aqp1, Slc14a2, Bst1, Epha7, 
Cryab, Tshz2, Cald1, Bst1, Lypd2

Ascending thin limb of LOH:
Epha7, Mx2, Clcnka

Thick ascending limb of LOH:
Slc12a1, Umod, Tmem207, Foxq1,
Cldn10, Ptger3, Kcnj1, Enox1, Thsd4,
Mt2, Slc5a3

Distal convoluted tubule (DCT)/
connecting tubule (CNT)

DCT1:
Pvalb, Slc12a3, Trpm7, Wnk1, 
Wnk4, Stk39, Calb1, Slc8a1, Egf, 
Trpm6, Cnnm2, Atp1a1, Atp1a2, 
Atp1a3, Atp1a4, Fxyd2

CNT:
Calb1, Slc8a1, Egf, Klk1, Trpv5, 
Trpm6, S100g, Atp2b1, Scnn1b, 
Scnn1g, Kcne1

DCT2:
Slc12a3, Trpm7, Wnk1, Wnk4, Klhl3, 
Stk39, Calb1, Slc8a1, Egf, Trpm6, 
Cnnm2, Atp1a1, Atp1a2, Atp1a3, 
Atp1a4, Klk1, Trpv5, Trpm6, S100g, 
Atp2b1, Atp2b4, Scnn1b, Scnn1g, 
Kcne1, Fxyd2

CD-principal cells:
Scnn1b, Scnn1g, Aqp2, Avpr2, 
Hsd11b2, Rhbg, Elf5, Fxyd4, 
Aqp3, Apela, Kcne1, Npnt, Kcnj10

CD-intercalated cells (type B):
Slc26a4, Hmx2, Spink8

Pan-CD-intercalated cells:
Tcfcp2l1, Foxi, Atp6v1g3, 
Atp6v0d2, Insr, Atp6v1b1

CD-intercalated cells (type A):
Atp4a, Slc4a1, Aqp6, Kit, Adgrf5, Mme

CD-transitional cells:
Aqp2, Hsd11b2, Rhbg, 
Atp6v1g3, Atp6v0d2, Insr, 
Atp6v1b1, Atp6v1b1, Parm1, 
Sec23b

Neutrophils:
S100a8, S100a9, Lyz2, 
Plac8, Ifitm3, Cebpb, 
Tyrobp, Lst1, Fcer1g, Hp

Basophils:
Ifitm1, Hdc, Mcmpt8, 
Fcer1a, Csrp3, Ms4a2, 
Cyp11a1, Cd200r3, Il6, Il4

Dendritic cells 11b+:
Cd74, Cd209a, Wfdc17, Mgl2, 
Ccl6, Ccl9, Ctss, Alox5ap, Ifitm3, 
Tyrobp

Dendritic cells 11b–:
Irf8, Naaa, Plbd1, Cbfa2t3, Basp1, 
Rnase6, Wdfy3, Sept3, Ppm1m, Rab7b

Plasmocytoid dendritic cells:
Ly6d, Siglech, Cox6a2, Rnase6, Sell, 
Ccr9, Runx2, Cd209d, Bcl11a, Lair1

B cells:
Cd79a, Cd79b, Ms4a1, Ly6d, 
Ebf1, Cd22, Cd19, Fcmr, Siglecg, 
Fcrl1

T cells:
Cxcr6, Cd247, Nkg7

CD4 T cells:
Lef1, Ms4a4b, Il7r, Ccr7, Klf2, 
Tcf7, Dapl1, Satb1, Cd3d

CD8 effector T cells:
Ccl5, Nkg7, Cd8b1, Ms4a4b, 
Cd8a, Cd3d, Hcst, Cd3g, Lck

NK cells:
Gzma, Nkg7, Cd7, Ccl5,
Xcl1, Klrd1, Klrk1, Ncr1, 
Klre1, Il2rb

NK T cells:
Ly6c2, Cxcr6, Gimap3, 
Tmsb10, Cd3g, Gimap4, 
Ctsw, Nkg7, Hcst, Ltb

T regulatory cells:
Tnfrsf4, Capg, Ikzf2, Izumo1r, 
Ifi27l2a, S100a4, Rgs1, Cd3g, 
Ltb, Tnfrsf18

(Caption appears on following page)
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Figure 2 (Figure appears on preceding page)

Cell type–specific marker genes of kidney epithelial, endothelial, and immune cells, as identified by single-cell RNA sequencing.
Abbreviation: NK, natural killer.

Smad6, Ehd3, and Lpl), afferent arterioles (expressing Edn1, Fbln5, Cldn5, or Efnb2), and efferent
arterioles (expressing either Klf4 and Cryab or Gas6 and Podxl) (13, 14). By profiling glomeruli,
the Shaw group (20) identified capillary endothelial cells by their marker Ehd3 and afferent and
efferent arteriolar endothelial cells by their expression of Fbln2,Mgp,Trpv4, and Bmx. In addition,
they also identified a novel subpopulation of endothelial cells that express high levels of the Notch
ligand Dlk1 and the endothelin receptor (Ednrb). A third study that also focused on endothelial
cells used a different renal endothelial cell classification system (13), highlighting the expression
of Ehd3,Mapt, and Sox17 in glomerular endothelial cells.

Peritubular capillary cells were found to express Igfbp3, Plvap, and Npr3. In one study, cortical
peritubular capillary endothelial cells were subdivided into nine subclusters representing endothe-
lial cells from arteries, afferent arterioles, and efferent arterioles (Sox17, Cldn5). Other clusters
highly expressed capillary markers (Id3, Kdr, and Flt1) but differentiated based on high or low
Apoe expression (14). One cluster showed an intermediate capillary-vein gene signature associated
with postcapillary venules and another cluster that included veins [Bgn, Plvap, and Cd9 (14)].

A large number of medullary endothelial cell clusters have been identified, including arterioles
(Klf4, Kitl), DVR (Aqp1), and the papillary portion of DVR as a separate cluster (14). Papillary
DVR cells expressed high levels of hyperosmolarity-responsive genes, consistent with the high
osmolarity in the papilla, including S100a4. The AVR cells expressed Gas6, Fxyd2, and Fxyd6.

Another team used a different renal endothelial cell classification system and reported markers
slightly differently (13). Arterial vessels expressed Sox17,Gja5, and Cxcl12 and low levels of Vegfr2,
Kdr, Flk1, and Fbln5.Gja5 was expressed in the DVR and all preglomerular arteries, including the
afferent arteriole, while absent in the efferent. The AVR was identified through the presence of
Igfbp7 but a lack of Igfbp5 expression. Venous endothelial cells were classified based on Nr2f2
expression. The peritubular capillaries and venous endothelial cells expressed Plvap and Igfbp5,
but not Nr2f2. Another interesting aspect of the work was that the team identified specific solute
carriers for each specific endothelial bed. Pericapillary endothelial cells expressed high levels of
glucose transporters, whereas DVR expressed myo-inositol, urea (Slc14a1), proton transporters,
and water channels (Aqp1), indicating an interesting gene expression adaptation to function.

Upstream transcriptional regulators for endothelial cell identity were predicted by two inde-
pendent groups based on the gene expression data using amethod called SCENIC (single-cell reg-
ulatory network inference and clustering) (13, 14). The SCENIC algorithm predicted increased
binding by Gata2 and Gata5. Barry et al. (13) also found specific enrichment for Tbx3, Gata5,
Prmd1, and Pbx1 in glomerular endothelial cells. Cortical peritubular capillaries were positive for
Irf1,Foxp1,Sp1, and Lef1. As expected, the regulons of arteries and veins showed an enrichment for
Sox17 and Nr2f2, respectively. Direct analysis of the single-cell open chromatin region using sin-
gle nucleus assay for transposase-accessible chromatin with sequencing (snATAC-Seq) indicated
enrichment for Erg and Sox17 transcription factors in endothelial cells (19). Cell–cell interaction
analysis highlighted important interactions of endothelial cells with a variety of epithelial cells,
some of the key interaction pathways being VEGFA and its receptor KDR and the WNT and
NOTCH signaling pathways (19). This again indicated the important role of epithelial cells in
maintaining circulation and of endothelial cells in nurturing epithelial cells.

In summary, the kidney has a complex vascular system that includes a double capillary bed
system, with the first glomerular capillary bed controlling filtration, while the second peritubular
capillary system plays an important role in reabsorption. ScRNA-seq studies identified marker
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Figure 3 (Figure appears on preceding page)

Kidney-specific single-cell expression of selected genes. Selection of representative marker genes involved in metabolite handling by
the different kidney tubule segments. We present two separate single-cell RNA-sequencing data sets (panels a and c and b and d,
respectively) with slightly different but complementary tubular cell clustering. Subpanels are broken down by functional handling of
metabolites into genes involved in the handling of sodium (Na+), chloride (Cl−), and potassium (K+); acid base and water (H2O);
calcium (Ca2+), phosphate (PO4

3−), and magnesium (Mg2+); and nutrients and organic compounds. Heatmaps (a,b) visualize
row-scaled average expression (color scale), whereas dot plots (c,d) visualize the percentage of cells per cluster expressing the marker (dot
size) and the average absolute gene expression (color scale). Color legends next to individual genes represent the metabolite handled by
the corresponding transporter/protein. Abbreviations: ATL, ascending thin limb of LOH; CD-IC, collecting duct intercalated cell;
CD-PC, collecting duct principal cell; CD-Trans, collecting duct transitional cell; CNT, connecting tubule; DCT, distal convoluted
tubule; DTL, descending thin limb of LOH; LOH, loop of Henle; PCT, proximal convoluted tubule; PST, proximal straight tubule;
PT, proximal tubule; TAL, thick ascending limb of LOH.

genes for different components of the renal vasculature. Although the glomerular and peritubular
capillaries can be easily distinguished by their marker gene expression, future studies should aim
at identifying a unified characterization for endothelial cells.

MESANGIAL AND SMOOTH MUSCLE CELLS

Mesangial cells provide central structural support for the glomerulus. They are defined based on
their anatomical location, but their gene expression is poorly understood (21).Mesangial cells pro-
duce extracellular matrix (ECM), regulate capillary blood flow, phagocytose extracellular debris,
and contribute to the homeostasis of the glomeruli by secreting growth factors. Marker genes
commonly used to identify mesangial cells, such as Pdgfrb and Gata3, are not specific, as these
genes are also expressed by vascular smooth muscle cells (SMCs) and stromal cells (22, 23). For
example, α-smooth muscle actin (Acta2) is often used as a mesangial marker, but it is not expressed
well in healthy unstimulated mesangial cells and is more specific to SMCs. Chung et al. (20) per-
formed scRNA-seq analysis on purified glomerular cells and identified cell clusters that matched
with prior mesangial markers such as Gata3 and Pdgfrb, and they separated them into two clus-
ters. One cluster also expressed Acta2, Tagln,Myh11, and juxtaglomerular ( JG) cell markers Ren1,
Akr1b7, and Rgs5, indicating that this cluster likely represented JG cells. Using differential expres-
sion analysis, the team identified Serpine2, Fhl2,Des, and Pdgfrb as mesangial cell markers, as these
genes were expressed at low levels in SMCs/JG cells. They reported specific mesangial markers
such as Plvap, Prkca, Art3, and Nt5e and markers for SMCs/JG cells such as Acta2,Myh11, Rergl,
Map3k7cl, Ren1, and Akr1b7 (20). The identified markers indicate the key contractile nature of
these cells (Acta2,Myh11, and Tagln). Given the overlap between mesangial cells, vascular SMCs
and interstitial cells, future validation studies or spatial transcriptomic analysis will be essential to
define mesangial cell markers.

PODOCYTES

Podocytes are glomerular epithelial cells. They play a key role in establishing the filtration selec-
tivity of the glomerulus (24) and contribute to themaintenance of glomerular basementmembrane
by secreting collagen (25). They also secrete VEGFA to maintain glomerular endothelial cell fen-
estration. Their highly specialized role in the body is reflected by their unique gene expression
pattern. Podocytes are relatively easy to identify in single-cell gene expression data sets. Podocyte
marker genes identified by scRNA-seq match with prior cell biological and genetic studies. For
example, they highly and selectively express Nphs1,Nphs2, Synpo,Wt1, and Cdkn1c. Loss- or gain-
of-function coding mutations of most podocyte-specific genes were associated with high-grade
proteinuria (nephrotic syndrome) development in humans (26–28).
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Combined single-cell RNA and epigenome analysis of the developing mouse kidney showed
that, during development, podocyte differentiation occurs early from nephron progenitors (19).
Nephron progenitor differentiation was associated with the closing of chromatin areas around
nephron progenitor–specific genes such as Osr1, Gdnf, Sall1, and Pax2 and a decrease in their
expression. At the same time, differentiation was associated with the opening of areas around
podocyte-specific genes such as Foxc2,Wt1,Mafb, and Efnb2. At later stages, there was a strong
increase in chromatin accessibility of actin filament–based processes and a significant decrease
in Notch1, Notch2, and Ctnnb1 in the podocyte lineage. Although the role of several transcrip-
tion factors has been established for podocyte specification, the expression of Foxl1 was newly
described. Pathway analysis showed that podocytes induced programs in cytoskeletal regulation,
cell adhesion, and inflammatory response, which is again highly consistent with their key function
in the kidney.

PROXIMAL TUBULE

The main functions of the proximal tubule are to reabsorb all nutrients and about two-thirds of
most electrolytes and water from the primary filtrate, as well as to secrete a broad range of organic
anions and cations (29). Proximal tubules compose the majority of cells in the kidney (∼66%) and
close to half of the protein mass. Two main classification systems have been developed for the
proximal tubules: One divides the proximal tubule into the S1, S2, and S3 segments, whereas the
other divides it into proximal convoluted and straight segments (PCTs and PSTs, respectively).
The S3 segment mostly corresponds to the straight segment of the proximal tubule. The S2 seg-
ment has been defined by its ability to secrete para-aminohippuric acid (PAH) and expresses its
transporter Slc22a6 (OAT1) (30). At present, scRNA-seq and single-cell epigenome analysis are
more consistent with the PCT and PST models. In mouse kidney single-cell data sets, it has been
difficult to identify a segment that would clearly match with the S2 segment (11, 19), indicating
that S2 might be a more anatomically defined and less functionally distinct segment.

The proximal tubule reabsorbs 60–70% of filtered water and Na+ together with either Cl−

or HCO3
− (31–33). Sodium reabsorption is achieved by Na+/H+ exchange (NHE3, Slc9a3) and

Cl−/base exchange (CFEX, Slc26a6) with recycling of the conjugate acid, resulting in net NaCl
entry. The proximal tubule exhibits a triple coupling mechanism, where Na+-sulfate cotrans-
port (Slc13a1) runs in parallel with two anion exchangers to achieve NaCl cotransport. In ad-
dition, claudin 2 (Cldn2) is expressed at this segment to provide a cation-selective and water-
permeable conductance to PCT sodium transport. Na+-coupled reabsorption of nutrients, i.e.,
glucose, amino acids, and mono- and dicarboxylates, with concurrent paracellular Cl− transport
driven by the lumen-to-interstitial electrochemical gradient, is important for overall NaCl reab-
sorption (31–33). It is important to note that classic physiology studies place a strong emphasis on
the role of NHE3 (Slc9a3) expression, whereas our single-cell data indicate relatively low expres-
sion of this transporter in the proximal tubule. On the other hand, Cldn2 seems to be very highly
expressed by the proximal tubule. It is possible, however, that for these transporters the transcript
and protein levels do not fully correlate, and the protein expression of SLC9A3 is greater than
what is predicted by the transcriptomics data.

Approximately 180 g of glucose (1,000 mEq) and 50 g of amino acids (400 mEq) are filtered
by the human kidney per day (34–37). The proximal tubule normally reabsorbs 99.8% of these
nutrients from the luminal fluid. The PCT segment has important transporters specific to this
segment, such as Slc5a2 and Slc5a12 (11, 19). Slc5a2 encodes for the sodium/glucose cotransporter
2 (SGLT2), which is one of the apical transporters responsible for reabsorption of glucose and
a target for diabetes medications such as gliflozins (38, 39). This segment also expresses high
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levels of amino acid transporters including the SLC3, SLC7, and SLC36 families (36, 37, 40, 41).
About 80% of the filtered amino acids are neutral amino acids, all of which are reabsorbed by the
apical SLC6A19 (BOAT1) (42). SLC6A19 is found in the early portion of the proximal tubule and
binds various neutral amino acids, including glutamine, with relatively low affinities. Mutations
of SLC6A19 result in Hartnup disorder, which is characterized by a pronounced urinary loss of
neutral amino acids (43, 44). The glutamate transporter (SLC1A1) reabsorbs acidic amino acids
(45), whereas an antiporter (SLC7A9) mediates the uptake of basic amino acids and cysteine in
exchange for a neutral amino acid (36). At the basolateral membrane, SLC7A8 is present as a
heterodimeric neutral amino acid exchanger (37, 41).

The PST segment can be identified by expression of Slc27a2, Slc7a13, Slc22a6, and Slc13a3 (11,
18, 19). This segment is responsible for organic compound secretion and reabsorption of some
nutrients. The segment expresses high levels of SLC22 family transporters that transport organic
anions (46). Organic anion secretion is important for the elimination of foreign compounds, in-
cluding drugs (47).

Metabolism of glutamine by renal proximal tubule cells plays an important role in acid-base
balance (48, 49). At normal blood pH, glutamine filtered by the glomeruli is almost completely
extracted from the lumen of the PCT and returned to the blood (42). The transepithelial trans-
port utilizes apical SLC6A19 and basolateral SLC7A8 (LAT2) and SLC38A3 (50–52). During
chronic acidosis, glutamine is metabolized within the early portion of the proximal tubule to gen-
erate ammonia, which serves as a urinary buffer to promote acid excretion (53, 54). Increased
renal catabolism of glutamine is facilitated by increased expression of glutaminase (55, 56), gluta-
mate dehydrogenase (GDH) (57), phospho-enolpyruvate carboxykinase (PEPCK),mitochondrial
aquaporin-8 (AQP8) (58), the apical Na+/H+ exchanger (NHE3, Slc9a3) (59–61), and the basolat-
eral glutamine transporter (Slc38a3) (50, 51, 62). Increased expression of NHE3 (Slc9a3) (59–61)
contributes to the transport of ammonium ions and the acidification of the luminal fluid (63, 64).

Citrate is the only organic anion in millimolar quantities in the urine and represents the main
mode of base equivalent excretion under normal circumstances (29). In addition, calcium citrate
has a high association constant and solubility,making citrate the most efficient chelator of calcium,
thus preventing stone formation (53, 54). The reabsorption of filtered citrate occurs in the PST
via the apical membrane by Na+-dependent dicarboxylic acid cotransporters NaDC-1 (Slc13a2)
and NaDC-3 (Slc13a3) (65).

To keep up this high-activity sodium transport, proximal tubule cells have one of the highest
mitochondrial content in the body and are also exceedingly sensitive to injury (66). Furthermore,
recent studies using scRNA-seq indicate that proximal tubule cells are among themost plastic cells
in the kidney. Recent subclustering identified many, sometimes more than 10, different proximal
tubule subgroups, including progenitor cells, injured cells, failed repair cells, and profibrotic cells
(18, 67). Our lab has performed scRNA-seq analysis in the folic acid nephropathy (FAN) model
of kidney fibrosis (18), where proximal tubule cells showed the largest number of differentially
expressed genes. Genes that showed lower expression levels in diseased proximal tubule cells were
solute carriers such as Slc5a2 and Slc13a3, and these genes are highly expressed in fully differenti-
ated proximal tubule cells. Other gene groups showing lower expression in disease samples were
genes involved in fatty acid oxidation and oxidative phosphorylation (e.g., Acsm1, Acsm2, Cpt1a,
and Acox3).

In the FAN disease model, we identified nine proximal tubule subclusters (18). These included
clusters containing proliferating cells, immune marker (Cd74)–expressing cells, transitional
cells, precursor cells expressing higher Igfbp7, and a prominent proliferating cell population.
In addition, we identified a cell population expressing Notch2 and Lgr4, known markers of
progenitor and transit-amplifying cells in the kidney and other organs (68, 69). We observed
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that PCT cells coexpressed PST markers in the disease state, suggesting that PCT cells may
endure transcriptomic changes impacting their phenotypic signature (18). Cell trajectory analysis
indicated that FAN samples showed a differentiation trajectory toward PCT and PST seg-
ments but followed a less organized differentiation path compared to healthy proximal tubule
cells. Metabolism-associated genes such as those involved in fatty acid oxidation and oxidative
phosphorylation showed strong correlation with proximal tubule cell differentiation, indicating
that the metabolic need of proximal tubule cells (judged by the expression of metabolic genes)
and their functional state (solute carrier expression) are linked.

Single-cell studies analyzing the ischemia reperfusion model identified eight proximal tubule
subclusters, including severely injured proximal tubulemarked by the expression ofKrt20 and heat
shock proteins (67). Another cluster was called repairing proximal tubule, which arose two days
after injury and expressed cell cycle genes, includingTop2a. In addition, another cluster had low ex-
pression levels of differentiated proximal tubulemarkers such as Slc5a12,Slc22a30, and Slc7a13 but
expressed Vcam1, Dcdc2a, and Sema5a. The Humphreys group (67) has named this cluster failed
repair proximal tubule and verified the VCAM1 protein expression by immunostaining. Several
other research groups have performed single-cell transcriptomic studies on kidney disease mod-
els such as ischemia reperfusion (70), unilateral ureteric obstruction (71), or sepsis-induced acute
kidney injury (72). Similarly, these studies have identified multiple proximal tubule subclusters.
At present, however, the relationship between the subclusters described in different publications
is unclear; therefore, larger integrative studies are needed to understand the consistencies and
differences.

Epigenetic profiling of proximal tubule cells indicated the important role of Ppara, Esrra,
Hnf1b, and Hnf4a nuclear receptor transcription factors in proximal tubule cells (19). This is
consistent with the gene expression studies described above. Proximal tubule cells are highly
metabolically active, as they utilize fatty acids as their energy source. The transcriptional network
allows the balancing of metabolic need and gene expression changes (cellular metabolic demand).
Gene expression–based transcription factor prediction by SCENIC indicated strong enrichment
ofHnf1b,Maf,Hnf1a, andHnf4a regulon activity in proximal tubule cells.During development we
observed a de novo increase in chromatin accessibility of theHnf4a and Pou3f3motifs in the prox-
imal tubule in parallel with cell type commitment. This coincided with expression of the cellular
differentiation transcription factors Hnf4a and Hnf1a as well as their downstream target genes
Ace2,Atp1a1,Dab2,Hnf1a,Hnf4a,Hsd17b2,Lrp2,Maf,Slc12a3,Slc22a12,Slc34a1, andWnt9b (19).

LOOP OF HENLE

The key function of the loop is to improve the water concentrating ability of the kidney. Anatom-
ically, the loop of Henle can be divided into six distinct segments: the descending thin limb, which
is divided into three segments (DTL1–3), the ascending thin limb, and the thick ascending limb
(TAL), which consists of medullary and cortical regions (MTAL and CTAL) (73, 74). The de-
scending thin segment is classically defined by urea transporter Slc14a2 and Aqp1 expression (75),
but additional segment markers have been identified by single-cell studies (18).

The TAL composes approximately 20% of all cells in the kidney and roughly 15% of protein
mass. This segment reabsorbs 25% of the filtered Na+. A key feature of the TAL is the expression
of the furosemide-sensitive Na+/K+/2Cl− cotransporter (Slc12a1). This transporter moves Na+,
K+, and 2Cl− from the tubular fluid to inside the tubular cells (76, 77). Because the filtrate con-
tains a lot more Na+ than K+, loss of K+ from the tubular fluid would become limiting without
replenishing tubular K+ by the apical K+ channel ROMK (Kir1.1,Kcnj1) (78, 79). Na+ is extruded
from the cell on the basolateral membrane by the Na+/K+ ATPase, and Cl− exits via the Cl−
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channel (Clcnkb), which requires an accessory β subunit Barttin (Bsnd). Mutations in SLC12A1,
KCNJ1, CLCNKB, and BSND in humans cause Bartter’s syndrome, characterized by Na+ and K+

loss, volume depletion, and metabolic alkalosis (80).
Similar to the distal convoluted tubule (DCT), the TAL is impermeable to water, so the tubular

fluid becomes diluted. A portion of the filtered Ca2+ and Mg2+ is also reabsorbed here, mainly via
paracellular pathways (Cldn16, Cldn19) driven by the lumen-positive transepithelial potential dif-
ference generated by the ROMK (Kcnj) channel. Accordingly,mutations ofCLDN16 andCLDN19
in patients cause renal magnesium (and calcium) wasting (81). Single-cell studies also indicated ex-
pression of the calcium-sensing receptor (Cas1) and PTH receptor (Pth1r) in this segment.

The TAL expresses uromodulin (Umod) (82), which is one of the most highly expressed genes
in the kidney.Genome-wide association studies indicated that genetic variants at theUMOD locus
showed the strongest association with kidney function (83–86). The complete role of UMOD in
the kidney is not fully established (87–91). Uromodulin acts as a constitutive inhibitor of calcium
crystallization in renal fluids (92–95). The excretion of uromodulin in urine may provide defense
against urinary tract infections caused by uropathogenic bacteria (96–98).UMOD also likely plays
a role in sodium balance and blood pressure regulation (99). Transgenic expression of Umod in
mice causes hypertension and cardiac hypertrophy (100).

Our analysis of mouse kidney development indicated the expression of loop of Henle markers
such as Cyfip2,Cytip,Esrrb,Esrrg, Irx1, Irx2,Mecom,Pla2g4a,Pou3f3,Ppargc1a, Stat3, Sytl2,Tfap2b,
Thsd4, and Umod (19). The key transcription factors identified in this segment were Esrrb and
Tfap2b.

A subgroup of cells in the TAL compose the macula densa, an area of closely packed special-
ized cells lining the wall of the distal tubule, at the point where the TAL of the loop of Henle
meets the DCT (74). The macula densa is the thickening where the distal tubule touches the
glomerulus. The macula densa plays a key role in regulation of estimated glomerular filtration
rate by sensing distal delivery NaCl (101–104). Changes in NaCl concentration signal a state of
salt deficit or excess in the body, which triggers the macula densa to reset the operating point of
the tubule-glomerular feedback loop by altering the local balance of vasoconstrictors and vasodila-
tors, particularly angiotensin II and nitric oxide (NO). Consistent with prior functional studies,
the single-cell studies also indicate that the macula densa cells express high levels of Nos1 (67),
the neuronal isoform of NO synthase, and are a likely source of NO acting in the juxtaglomerular
apparatus. Macula densa cells also express Avpr1a.

DISTAL TUBULE

The DCT is responsible for the regulation of plasma potassium, sodium, calcium, and pH (105).
The DCT is a segment defined anatomically as the portion of the nephron following the macula
densa. The DCT reabsorbs roughly 5–10% of the filtered sodium load. The thiazide-sensitive
NaCl cotransporter (Slc12a3) is a key marker of this segment and is responsible for sodium
reabsorption (106). SLC12A3 is the key target of thiazide diuretics. The other target is the
sodium-dependent chloride/bicarbonate exchanger (Slc4a8) (107). Loss-of-function mutations in
SLC12A3 causeGitelman syndrome, a disorder characterized by polyuria,Na+,K+, andMg2+ loss
and metabolic alkalosis (108). The basolateral membrane contains an inward-rectifying K1 chan-
nel Kir4.1 (Kcnj10). Patients with mutations of this channel also develop Gitelman syndrome (109)
and other neurological abnormalities (110, 111). Other potassium channels are located on the ba-
solateral membrane at KCNJ15 (Kir4.2) and KCNJ16 (Kir5.1) (112). The basal aspect of the cells
expresses massive amounts of the ATP-dependent Na+/K+ pump and, owing to the high energy
need of the DCT cells, these cells contain large amounts of mitochondria (113). The single-cell
data show that the high mitochondrial content often limits cell type marker identification.
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A basolateral Cl− transporter is also needed for transepithelial Na+ transport. Cl− exit helps
to lower the intracellular Cl− concentration. Chloride depletion is a potent activator of the apical
Na+-Cl− cotransporter (NCC), and maintains net Na+ reabsorption (114). Cl− exits across the
DCT basolateral membrane via the CLCNKB (Clc-Kb) chloride channel. CLCNKB requires
CLCNKA and an accessory subunit called Barttin (Bsnd) to be fully functional (115). Patients with
CLCNKB channel mutations tend to present with a mixed Bartter–Gitelman phenotype, whereas
patients lacking functional CLCNKA present with a severe neonatal salt wasting disorder that
includes sensorineural deafness (115, 116). Traditionally, it was thought that both Clcnkb and
Bsnd (Clc-Kb and Barttin) are expressed in the TAL. The single-cell data show some differences
in their expression pattern and transcript amount, which might explain phenotypic differences
observed in patients. The basolateral membrane expresses SLC12A7, another potassium chloride
cotransporter (117).

Genetic studies of blood pressure extremes (low and high) highlight key regulators of theDCT.
Patients with familiar hyperkalemic hypertension orGordon syndrome carrymutations inWNK1,
WNK4,CUL3, orKLHL3 (118–121).According to the currentmodel, in the baseline inactive state,
WNK4 suppresses SLC12A3 trafficking to the plasma membrane, holding the cotransporter in
an intracellular storage pool (122–124). The kinase-active form ofWNK1 can reverse this process
(123, 125). The Kelch-like 3/Cullin-3 (Klhl3/Cul3) E3 ubiquitin ligase complex constitutively de-
grades theWNKs. Gordon syndrome–associated mutations in KLHL3 reduce binding toWNK1
and WNK4, increasing WNK1 and WNK4 abundance and triggering NCC activation through
the WNK effector kinases SPAK and OSR1 (126, 127). Additionally, mutant WNK4 reduces its
inhibitory effect on SLC12A3 traffic (125), releasing SLC12A3 from its intracellular compart-
ment and increasing its trafficking to the cell surface (128, 129). It is important to note again that
unbiased single-cell studies performed decades after the initial genetic studies not only identified
these genes as being expressed in the DCT but also showed that their transcript level was high.
They also showed strong enrichment for the DCT segment (11).

The DCT also plays an important role in magnesium homeostasis and expresses the mag-
nesium channel TRPM6 (130). Loss-of-function mutations of this channel cause familial hypo-
magnesemia with secondary hypocalcemia (130, 131). At the luminal membrane, the K+ channel
Kv1.1 (Kcna1) extrudes K+ into the tubular lumen; this process probably generates an electrical
driving force for Mg2+ entry through TRPM6 located in the apical membrane. TRPM6 activity
is stimulated by epidermal growth factor (EGF), which triggers an intracellular signaling cascade
in the DCT after binding to basolateral EGF receptors (EGFRs), resulting in increased surface
expression of TRPM6. Single-cell analysis of this segment confirmed high levels of Egf and Trpm6
(11, 18, 19). Presence of this signaling pathway in this nephron segment potentially explains the
magnesiuric effect of EGF inhibitors (132, 133). Genetic studies further support the role of EGF
in magnesium regulation. In a Dutch family with a recessive form of selective hypomagnesemia,
affected members had a mutation in the gene encoding the precursor form of EGF (134).

LATER DISTAL TUBULE AND CONNECTING TUBULE

The connecting tubule (CNT) is a poorly defined kidney segment between the DCT and the col-
lecting duct. Therefore, it is a bit difficult to match prior physiological studies with the single-cell
gene expression data. Prior physiological and immunostaining studies indicated different subtypes
of DCT cells such as DCT1 and DCT2. It was proposed that DCT1 and DCT2 show differential
responsiveness to the mineralocorticoid aldosterone, as DCT2 is a mineralocorticoid-responsive
cell type (135). Although the main site of action of aldosterone is the mineralocorticoid receptor
(Nr3c2) in the principal cell of the collecting tubule, it was also expressed by a subgroup of DCT
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cells. In addition, DCT2 expressed an enzyme called hydroxysteroid 11-beta dehydrogenase 2
(Hsd11b2) (136, 137).HSD11B2 metabolizes cortisol to the inactive metabolite cortisone, thereby
preventing circulating glucocorticoids from binding to mineralocorticoid receptors. Our single-
cell data set identified a cell population that was somewhat positive for Slc12a3, expressingWnk1
andWnk4, but also expressing some Hsd11b2, Scnn1g (ENaC), and Nr3c2 (mineralocorticoid re-
ceptor). However, the key characteristic of this segment was not Slc12a3 or Scnn1g expression but
the unique expression of calcium transporters.While these cells did not separate clearly in our first
gene expression data set (Figure 3a,c), in another of our data sets the expression of Trpv5 clearly
distinguished these cells in single-cell data obtained from whole kidney samples (Figure 3b,d).

Approximately 7–10% of filtered calcium is reabsorbed in the distal tubule (105). Apical cal-
cium transport is mediated by the transient receptor potential channel vanilloid 5 (Trpv5) (138,
139). Cytosolic calcium is immediately bound by calbindin (Calb1), which shuttles calcium to the
basolateral aspect of the DCT cell, where it can be transported out by the type 1 sodium/calcium
exchanger (Ncx1, Slc8a1) or calcium ATPases (Atp2b4). These processes are tightly regulated by
hormones such as parathyroid hormone (Pth1r) and 1,25-dihydroxyvitamin D (Vdr) (140). As pre-
dicted by physiological studies, these cells express high levels of Klotho (Kl) and Calb1, Trpv5,
Pth1r, and Vdr.

A recent study reported single-cell sequencing of this specific tubule segment only (141).
Unsupervised clustering revealed Slc12a3+/Pvalb+ and Slc12a3+/Pvalb− cells, identified as DCT1
and DCT2 cells, respectively. DCT1 cells appear to be heterogeneous, and one DCT subcluster
was positive for cell cycle genes, which fits with the known plasticity of DCT cells. DCT2 cells
expressed the ENaC subunits and transcripts associated with calcium transport (Trpv5, Calb1,
S100g, and Slc8a1), almost completely matching our cluster called CNT in our single-cell gene
expression studies.

We therefore propose that it is best to call CNT cells based on their unique marker expres-
sion of Trpv5,Kl,Vdr, and Calb1 in addition to the overlapping expression of both DCT (Slc12a3)
and collecting duct principal cell (CD-PC) markers (ENaC). We also acknowledge their similar-
ities to DCT2 cells and future studies should systematically compare results of prior functional
studies indicating important functional heterogeneity of DCT cells and recently identified gene
expression heterogeneity in this segment.

COLLECTING DUCT

There are several segments of the collecting duct system, including the CNTs, cortical collecting
ducts, andmedullary collecting ducts. As opposed to the proximal part of the tubule epithelial cells,
the collecting duct system originates from the ureteric bud (142). The key role of the collecting
duct system is to regulate free water and electrolytes, including sodium and chloride, in addition to
acid-base balance. The medullary collecting ducts are divided into outer and inner segments, the
latter reaching more deeply into the medulla. The variable reabsorption of water and, depending
on fluid balances and hormonal influences, the reabsorption or secretion of sodium, potassium,
hydrogen, and bicarbonate ions continues here. Urea passively transports out in this tubule seg-
ment and creates a 500-mOsm gradient. Papillary ducts represent the most distal portion of the
collecting duct. The available single-cell data sets had limited ability to identify spatial differences
between cortical medullary and papillary collecting duct cells.

A critical feature of the collecting duct is that it is known to contain two distinct cell types,
principal and intercalated (143, 144). The key role of principal cells is to reabsorb water, and they
express high levels of AQP2 (Aqp2) and vasopressin receptor (Avpr2). In the absence of antidiuretic
hormone, water in the renal filtrate is left alone to enter the urine, promoting diuresis. When
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antidiuretic hormone is present, it binds to its receptor, which activates adenylate cyclase, protein
kinase A, and the transcription factor CREB.Protein kinase A leads to AQP2 phosphorylation, and
aquaporins translocate to the plasma membrane and allow for the reabsorption of water, thereby
inhibiting diuresis. Prostaglandin E2 (PGE2) and ATP are negative regulators of the process.
Mutations in AQP2 and AVPR2 in patients cause nephrogenic insipidus (145–147).

Principal cells also play a key role in regulating Na+ and K+, and this is the site where fi-
nal regulation of urinary sodium excretion occurs. Aldosterone is the primary hormonal regula-
tor of both Na+ and K+ transport (148). It acts through the mineralocorticoid receptor (Nr3c2)
to increase expression of the serine-threonine kinase SGK1, ENaC (Scnn1), and the Na+/K+

ATPase (149, 150). ENaC is the primary target of aldosterone, which affects both Na+ reab-
sorption and K+ secretion (149). Other regulators of the principal cells are insulin (151), adeno-
sine (152), bradykinin (153), and endothelin (154). As discussed above, single-cell gene expression
analysis identified a gradient of cells expressing mineralocorticoid receptor and ENaC.Functional
studies called these cells DCT2, but as we discussed above, they show some overlap with CNT
based on their unique expression of Trpv5 and Trpm6.

Intercalated cells can be identified by the expression of the vacuolar proton ATPase (Atp6v1g3,
Atp6v0d2, Atp6v1b1). Type A intercalated cells can secrete H+ equivalents into urine via the H1-
ATPase or theH+,K+-ATPase (Atp4a) at their apical membrane (155).The latter pump exchanges
one potassium ion for each extruded proton. These cells also express the Cl−/HCO3

− exchanger
SLC4A1 (Slc4a1) (156). The secretion of a proton into the tubular lumen, whether it is in ex-
change for potassium reabsorption or not, results in the generation of intracellular bicarbonate
via the carbonic anhydrase II. HCO3

− is transported to the interstitium in exchange for chloride
by SLC4A1. In single-cell analysis, type A cells express the anion exchanger Slc4a1, whereas type
B cells do not (11).

The classic type B intercalated cells express a chloride/bicarbonate exchanger, pendrin
(Slc26a4), at their apical membrane and express H1-ATPase (Atp6v1g3) at their basolateral mem-
brane (157–159). These cells are thought to be responsible for the secretion of bicarbonate equiv-
alents. Type B intercalated cells have recently come to prominence with the discovery of SLC4A8,
theNa+-driven chloride/bicarbonate exchanger (NDCBE) (107), which in scRNA-seq data is also
seen in principal cells.

Unexpectedly, our single-cell profiling identified a third cell cluster in the collecting duct (11).
These cells express Aqp2, Atp6v1b1, and cell type–specific markers such as Parm1 and Sec23b.
Pseudotime cell trajectory analysis placed the newly identified cells between the principal cells
and intercalated cells, suggesting that they are a transitional cell type. The presence of these tran-
sitional cells raised the possibility that principal cells and intercalated cells are more plastic and
they could interconvert. The existence of these transitional cells and interconversion of principal
cells and intercalated cells was confirmed by fluorescent linage tracing. Gene expression analysis
revealed activation of the Notch signaling pathway during transition of intercalated cells to
principal cells. Notch is known to regulate the cellular identity of neighboring cells by expression
of its ligands or receptors. Alternating expression of ligands and receptors creates a signal-sending
cell (Notch-off ) and a signal-receiving cell (Notch-on). Whereas genes encoding Notch ligands
(e.g., Jag1) were highly expressed by intercalated cells, expression levels were low in principal
cells, which was confirmed on the protein level by immunofluorescence. In contrast, principal
cells showed high expression levels of Notch2 receptor and its transcriptional target Hes1,
suggesting that principal cells are Notch signal–receiving cells of the collecting duct. Using
Pax8rtTA/NICD mice, which enable inducible transgenic expression of the conserved Notch
intracellular domain portion of the receptor specifically in differentiated kidney tubule cells,
allowed us to study intercalated cell-to-principal cell transitions occurring in adult mice only,
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as opposed to those occurring during embryogenesis (160). We found that Notch expression
disrupted cellular patterning and that the number of cells expressing principal cell marker Aqp2
was increased, whereas cells expressing intercalated cell markers Atp6v1b1 and Adgrf5 were
reduced in number. The Notch-mediated transition appeared nearly complete, given that these
cells also expressed multiple principal cell markers, including Aqp3 and Hsd11b2 (11). Our recent
transcription factor enrichment analysis highlighted the expression of Elf5 in principal cells and
Tcfcp2l1 in intercalated cells (19).

IMMUNE CELLS

The epithelial cell lining of the nephron plays a major role in maintaining the sterility of urine,
which is achieved by mucus production and urinary flow, both providing immediate defense
against microbial invasion. The distal kidney segment cells are notable for the expression of
Toll-like receptors, defensins (Defb1), Umod (Umod) and NGAL (Lcn2), and key molecules
defending against infections.

ScRNA-seq analysis identified the diversity of the immune cells even in the healthy mouse kid-
ney samples. One of the first publications by Park et al. (11) highlighted almost as many different
immune cell types as resident epithelial cells. These included macrophages, neutrophils, B and
T lymphocytes, and natural killer (NK) cells. Recently, our team has also performed single-cell
analysis on a mouse chronic kidney disease (CKD) model induced by FAN (18). We found a
remarkable increase in immune cell diversity upon analyzing this model. We identified 14 im-
mune cell clusters in our FANmodel. Among the newly identified cells, we observed granulocytes,
macrophages, dendritic cells, and basophils. Dendritic cells were further subclustered into Cd11+

dendritic cells (Cd209a and Cd11b), Cd11− dendritic cells (Cd24a and Clec9a), and plasmacytoid
dendritic cell clusters (Siglech and Cd300c). A large number of lymphoid cells was also identified,
including B cells, T cells, and NK cells. T lymphocytes were subclustered into CD4+ T,T regula-
tory, gamma delta T, natural killer T, and CD8+ effector cells. This data set is publicly available on
our interactive website (http://www.susztaklab.com/VisCello/). Unfortunately, single nuclear
sequencing poorly captures immune cells, which is a major limitation of the method (161, 162).

The Clatworthy group (163) has profiled 67,000 cells from fetal and adult human kidneys.
The study was based on single-cell sequencing and identified a variety of immune cells includ-
ing T cells, NK cells, and granulocytes. The team identified CD14+ (Cd14) classic and CD16+

(Fcgr3) nonclassicmonocytes.They were also able differentiateM1 and anti-inflammatoryCD206
(Cd206)-expressing M2 macrophages. They showed the important enrichment of neutrophils in
the medulla and pelvis. These cells play important antibacterial roles in this compartment and
likely prevent urinary infection.

Furthermore, analyzing fetal human kidneys indicated tissue-resident immune cells with high
expression of major histocompatibility complex class II genes at 87–132 days gestation (163),
consistent with studies showing early colonization of the fetal kidney with macrophages (164).
From postconceptional week 9 onward, other immune cell subsets, including dendritic cells and
lymphocytes, increased. These findings are consistent with data from mouse studies, which sug-
gest that tissue-resident macrophages in the kidney do not solely originate from colonization
by bone marrow–derived monocytes but might be seeded early in embryonic development from
erythromyeloid precursors (164).

Mass cytometry on healthy renal tissue enabled dissection of T cell and myeloid cell hetero-
geneity (165). The study showed an enrichment of CD4+ central memory T cells and CD4+ and
CD8+ effector memory T cells in normal kidney samples; however, regulatory T cells and T cells
expressing the exhaustion marker PD-1 (Pdcd1) were absent from normal samples. This study
also identified classical and nonclassic monocytes in normal kidney tissue and, consistent with the
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single-cell transcriptional data, a population of CD206-expressing, M2-polarized tissue-resident
macrophages in healthy human kidneys.

Single-cell analysis has also been performed in human kidney biopsy samples obtained from
kidney allografts with acute antibody-mediated rejection (166). In the allograft sample, the
team identified distinct clusters of activated endothelial cells consistent with the diagnosis of
antibody-mediated rejection. Monocytes, B cells, plasma cells, and T cells were evident in the
immune compartment. The team identified plasma cells in the kidney, which was compatible
with the local generation of donor-specific antibodies. Lymphoid aggregates or tertiary lymphoid
follicles have been previously described in transplant biopsy samples in the context of rejection
(167). A limitation of the study was that immune cells were not identified in the healthy control
kidney sample, which might be related to the platforms (nuclear sequencing) used to generate
these data and the relatively modest number of analyzed cells (166).

RENAL INTERSTITIUM

One of the most interesting and understudied compartments in the kidney is the interstitium.
The interstitium contains fibroblasts,myofibroblasts, perivascular cells, erythropoietin- and renin-
producing fibroblasts, renin-producing juxtaglomerular cells, and many other cell types, but their
full entity remains elusive (168). A recent article by the Kramann group (169) has addressed in-
terstitial cell heterogeneity using single-cell methods. Given that the cell types remain some-
what elusive, the team has developed an ECM score, which included collagens, glycoproteins,
and proteoglycans, and validated this gene expression score in a published CKD data set. Al-
though ACTA2 has been used as a myofibroblast marker previously, the team defined myofibro-
blasts as cells with high ECM scores. This is important because the ECM score will need
external validation. Myofibroblasts were identified as cells expressing periostin (POSTN). Tra-
jectory analysis of high ECM-expressing mesenchymal cells suggested that myofibroblasts arise
from both pericytes and fibroblasts, and even from epithelial cells. Injured proximal tubule cells
showed the highest expression of ECM genes in mice. The vast majority of ECM in human
kidney fibrosis originated from mesenchymal cells, with a minor contribution from dedifferen-
tiated proximal tubule cells. Unsupervised clustering of sorted human PDGFRβ+ cells identified
mesenchymal populations. ECM gene expression again dominated the pericyte, fibroblast, and
myofibroblast clusters. Some macrophage, monocyte, endothelial, and injured epithelial popu-
lations also expressed COL1A1 and PDGFRB, albeit at much lower levels. Pseudotime trajec-
tory analysis of ECM-expressing cells indicated three main sources of myofibroblasts in hu-
man kidneys: (a) NOTCH3+RGS5+PDGFRA− pericytes, (b) MEG3+PDGFRA+ fibroblasts, and
(c) COLEC11+CXCL12+ fibroblasts. The team also mapped the differentiation trajectory from
low-ECM, healthy pericytes and fibroblasts to high-ECM diseased myofibroblasts.

Amouse ischemia reperfusion single-cell data set showed consistent results such as themultiple
stromal clusters, including pericytes and vascular SMCs (67). Both of these clusters were positive
for Notch ligand Jag1 and receptor Notch3. The team identified Dapk2 as a marker of cortical
fibroblasts. In addition, the team also highlighted myofibroblasts expressing Acta2 and Col1a1.
The number of cells in this cluster strongly increased following ischemia reperfusion. In the data
set there were cells that only transiently expressed Acta2 and Col1a1, indicating the plasticity of
fibroblasts and maybe even fibrosis.

Our single-cell analysis of the developingmouse kidney highlighted two different stromal clus-
ters expressing high levels of Twist1 andNr2f2 (19), although further subclustering of stromal cells
did not yield robust results. Future studies should compare results from the different data sets and
identify consistent cell types, changes, and key drivers.
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CONCLUSION

Recent unbiased scRNA-seq studies have begun to dissect the molecular determinants of the var-
ious cell types in the kidney. The data show remarkable correlations with established molecular
mechanisms in kidney physiology, validating both earlier findings and this new method. ScRNA-
seq uncovers the surprising diversity of immune cells in normal kidneys, and this technique also
yields novel knowledge about the plasticity of renal cell types and their transition into each other.
The characterization of the changes in renal pathology has also begun, and it is expected to provide
unparalleled insights into the molecular mechanisms of kidney disease. Future studies that inte-
grate spatial transcriptomics information will be critical to define cell types and changes during de-
velopment and disease. Single-cell RNA sequencingmay also uncover novel mechanisms in kidney
physiology, as well as identify novel biomarkers for disease and targets for therapeutic intervention.
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