Renal medullary osmolytes NaCl and urea differentially modulate human tubular cell cytokine
expression and monocyte recruitment
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Abstract
Renal immune cells serve as sentinels against ascending bacteria but also promote detrimental
inflammation. The kidney medulla is characterized by extreme electrolyte concentrations. We here
address how its main osmolytes, NaCl and urea, regulate tubular cell cytokine expression and
monocyte chemotaxis.
In the healthy human kidney, more monocytes were detected in medulla than cortex. The
monocyte gradient was attenuated in patients with medullary NaCl depletion by loop diuretic therapy
and in the nephrotic syndrome. Renal tubular epithelial cell gene expression responded similarly to
NaCl and tonicity control mannitol, but not urea. NaCl significantly upregulated chemotactic
cytokines, most markedly CCL26, CCL2 and CSF1. This induction was inhibited by ROS scavenger
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n-acetylcysteine. In contrast urea, the main medullary osmolyte in catabolism, dampened tubular
epithelial CCL26 and CSF1 expression. Renal medullary chemokine and monocyte marker expression
decreased in catabolic mice. NaCl-, but not urea-stimulated tubular epithelium or CCL2 and CCL26
promoted human classical monocyte migration. CCL26 improved bactericidal function. In the human
kidney medulla, monocyte densities correlated with tubular CCL26 protein abundance.
In summary, medullary-range NaCl, but not urea, promotes tubular cytokine expression and
monocyte recruitment. This may contribute to the pyelonephritis vulnerability in catabolism but can
possibly be harnessed against pathologic inflammation.
Introduction
In order to achieve up to 1200mOsm in the urine, the human kidney establishes a marked
osmotic gradient [1]. It is adapted to volume status and rises with the need for water conservation. The
main medullary osmotic agents are sodium chloride (NaCl) and urea. Urea replaces NaCl as main
osmolyte in catabolism [2]. This includes the somewhat unexpected recent observation that a high salt
diet induces a catabolic state that enhances medullary urea, rather than NaCl concentrations [2],[3].
Renal medullary NaCl is depleted by acute and chronic loop diuretic use [4]–[6] or in the nephrotic
syndrome [7],[8].
The kidney medulla contains resident myeloid cells, namely monocytes and macrophages.
Myeloid cells are central for the renal medullary immune response [9],[10]. Monocytes and
macrophages recruit neutrophilic granulocytes, the body’s main line of immediate antibacterial
response, into the urinary tract [11],[12]. On the other hand, renal macrophage densities predict
adverse outcome of inflammatory kidney conditions including autoimmune vasculitides and loss of
transplant function [13].
Human gene expression and murine lineage tracking data suggest that renal myeloid cells are
of embryonic and of monocytic origin [14]–[17]. Marker analysis and bioinformatic estimates propose
preferential localization of CD14+ monocytic cells to the medulla [11],[14]. Indeed, elevated NaCl
concentrations enhance renal tubular epithelial cell secretion of the monocyte chemotactic cytokine
CCL2 [11],[18]. How NaCl regulates other tubular cell cytokines and underlying mechanisms have
2
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not been reported. Also, how the other main medullary osmolyte, urea, affects the tubular phenotype
regarding chemokine expression has not been detailed.
We found that monocyte enrichment in the human kidney medulla varied with conditions that
modulate local NaCl concentration. Therefore, we addressed mechanisms by which renal medullaryrange NaCl and urea can affect monocyte migration. Medullary-range hypertonic NaCl, but not urea,
dose- and time-dependently induced monocyte chemoattractant expression and recruitment by tubular
epithelium. Our data delineate the human cytokine CCL26 as a novel cooperative monocyte
chemoattractant that is induced by NaCl, but suppressed by medullary range urea.
Results
Monocyte enrichment in the human kidney medulla correlates with the concentration gradient
Renal innate immune cells centrally modulate antibacterial host response as well as
detrimental inflammation. We sought to morphologically define monocyte and macrophage
distribution in the human kidney. Their abundance was assessed in histologically normal human
kidney tissue (figure 1A). We used digitally assisted pathology of whole slide scans as previously
described and detailed in methods to quantify infiltrates [18],[19]. CD14+ monocytes were
significantly more abundant in medulla than cortex (figure 1A-C). This confirms measurements and
bioinformatics estimates in other cohorts [11],[14]. The densities of CD68+ macrophages did not
differ significantly between the compartments (figure 1B,C). Very few neutrophils were found (suppl.
figure 1).
We previously demonstrated induction of tubular monocyte chemotactic chemokine CCL2
expression by NaCl [18]. To determine whether renal monocyte distribution associates with the
medullary salt gradient, we identified patient groups with clinical conditions known to alter the salt
gradient that were sufficiently frequently biopsied and assessed monocyte densities in their kidney
compartments.
First, loop diuretic therapy depletes the medullary salt gradient [4]–[6]. Its effect on monocyte
distribution to cortex and medulla was studied in early surveillance biopsies of renal allografts.
3
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Clinical characteristics are given in suppl. table 1. Immunosuppressant regimens were very similar.
There was no significant difference in rejection frequency or other characteristics defined by the
Banff classification. Absolute monocyte densities were similar and higher in medulla than cortex in
both subgroups (figure 1D, suppl. figure 2). In addition, relative medullary CD14+ monocyte
accumulation was significantly more marked in grafts without diuretic therapy (figure 1E). This
occurred despite the fact that loop diuretic recipients’ grafts were more often cadaveric and had lower
excretory function. The finding is consistent with a role of the NaCl gradient in their accumulation.
Second, the renal salt gradient is depleted in the nephrotic syndrome [7],[8]. We therefore
studied renal monocyte and macrophage distribution in minimal change disease. Native kidney
biopsies with an exclusive diagnosis of minimal change disease in patients without concomitant
immunosuppression were assessed (figure 1F,G, clinical characteristics in suppl. table 2). Already in
patients without diuretic therapy at the time of biopsy, absolute medullary CD14 + monocyte density
and relative accumulation compared to the cortex were significantly less than in healthy controls
(Dunn’s after Kruskal Wallis test, figure 1C,G). In the subgroup of minimal change disease patients
who received a loop diuretic at the time of biopsy, the medullo-cortical monocyte gradient was no
longer significant (figure 1G).
Taken together, medullary CD14+ monocyte enrichment was observed in human kidneys. It
was dampened and even abolished in conditions known for a reduced medullary salt gradient.
Equiosmolar NaCl and urea differentially regulate renal tubular epithelial gene expression
Induction of tubular chemotactic chemokine CCL2 expression by NaCl [18] lead to the
hypothesis that the association of medullary monocyte accumulation with the concentration-gradient
in vivo was functionally mediated by tubular cell chemokine production. To systematically investigate
tubular cell response to increases in ambient NaCl and urea, we conducted gene expression studies.
HK2 human renal tubular epithelial cell gene expression was assessed after 24h culture with
either additional 120mM NaCl or equiosmolar 240mM urea and compared to standard media and
240mM mannitol as a tonicity control. Genes regulated more than twofold in relation to normal media
were compared for the three hyperosmolar conditions (figure 2A). There was a major overlap between
4
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the hypertonic stimuli mannitol and NaCl, and markedly less with equiosmolar urea. This was also
evident in principal component analyses (figure 2B,C). Similarly, heatmap analysis shows that a large
proportion of the genes upregulated by NaCl was also upregulated by increased tonicity in the
mannitol condition (figure 2D). The response to urea was more similar to the standard media control.
It is of note that parallel regulation by NaCl and urea was significantly less common in the up- than in
the downregulated fraction of genes (figure 2A). These data delineate a distinct tubular cell response
to the main medullary osmolytes NaCl and urea.
NaCl, but not urea, induces tubular cell chemokine expression
To address tubular cell derived recruitment cues in response to NaCl and urea, chemokine,
cytokine and interleukin expression was analyzed in detail. Among all detected factors, 14 were upand 9 downregulated 1.5x or more by hypertonic NaCl (figure 3A). Modulation by NaCl and mannitol
was largely parallel, similar to what was observed for all genes (figure 2). CCL26, CCL2 and CSF1
were most differentially expressed in hypertonicity compared to controls (figure 3B). This was
maximal after 24h exposure (figure 3C). No such effect was observed if a lower amount of NaCl
(+40mM) or equimolar urea concentrations were added (figure 3C). Mannitol of equal tonicity
induced these chemokines to a similar extent as NaCl, consistent with a tonicity driven, substance
independent process (figure 3D). Indeed, scavenging of ROS with a known role in mediation of
tonicity-responses [20]–[22] using n-acetylcysteine (NAC) completely prevented NaCl induced
CCL26, CCL2 and CSF1 mRNA expression (figure 3E). These results introduce CCL26 as a NaClregulated chemokine and define a ROS-dependent tonicity response as underlying mechanism.
The human kidney expresses CCL26 predominantly in the medulla
Indeed, CCL26 was expressed in the human kidney on protein and mRNA levels (figure
4A,B). To explore which of the NaCl-regulated mediators were present and similarly regulated in the
human kidney, all chemotactic genes upregulated at least 1.5x by NaCl (figure 3A) were analyzed in
healthy human medulla and compared to cortex (GSE3931)[23]. Among upregulated genes, CCL26,
which was most enhanced by NaCl in tubular cells in vitro, also showed the strongest trend to
increase in vivo (figure 4C). Among downregulated chemotactic factors, there was a similar
5
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medullary trend for IL32 (suppl. figure 3A). We next stained for CCL26 in normal human kidney
sections. It was mostly expressed by proximal tubuli (figure 4D). Tubular CCL26 was significantly
more abundant in medulla than cortex (figure 4E,F), introducing CCL26 as a novel human kidney
medullary chemokine.
Suppression of tubular cytokine expression by urea
The role of urea for human tubular cytokine expression was addressed next. Our gene
expression screen suggested downregulation of several chemoattractants by urea (figure 3A). The
most regulated CCL26, CCL2 and CSF1 were studied further. Addition of 240mM urea suppressed
the effect of NaCl on CCL26 and CSF1, but not CCL2 mRNA (figure 5A). To test whether this
inhibition also applies to other CCL26 inducers, we employed IL-4 and IL-13 that promote CCL26
expression in other celltypes [24]–[27]. IL13 expression was detectable in the normal human kidney
medulla (GSE3931, data not shown). Both IL-4 and IL-13 markedly enhanced CCL26 expression in
human renal tubular epithelium (figure 5B). There was a cooperative effect with elevated NaCl
concentration (suppl. figure 4). In contrast, medullary range urea significantly inhibited cytokineinduced tubular epithelial CCL26 (figure 5B). These data demonstrate suppressive function of urea on
expression of distinct human tubular cell chemokines.
Suppression of renal medullary cytokine expression in catabolism in vivo
In vivo, urea accumulates in the renal medulla in catabolism, as investigated in detail in mice
during a high salt diet [2]. As patients are rarely biopsied in this condition, we analyzed a renal gene
expression dataset [21] of volume-depleted and severely catabolic mice after 72h of water restriction
(figure 6A). Their food intake was 19% of controls. Gene expression in cortex and inner stripe of
outer medulla was compared in catabolic mice and controls. Consistent with published functional data
[2],[3], urea, but not sodium transporter expression increased in this state (suppl. figure 5). Overall,
immune response pathways were prominently more expressed in normal than catabolic medulla
(suppl. figure 6A), which is consistent with an enhancement by NaCl and dampening by urea. NaClmediated upregulation would also imply that these genes should be expressed at higher levels in
normal medulla than normal cortex. Indeed, genes upregulated in both comparisons, i.e. normal
6
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medulla versus normal cortex and normal medulla versus catabolic medulla, contained similar
functional groups (suppl. figure 6B). A number of chemokines and receptors were detected (suppl.
figure 6C). Visualization of all common upregulated pathways in this double comparison, i.e. in
normal medulla compared to normal cortex and normal compared to catabolic medulla underlines a
prominent position of immunoregulatory genes (suppl. figure 6D).
Monocytic gene expression was analyzed based on the histologic results in the human kidney
(figure 1, [11]). Macrophage marker CD68, murine monocyte marker CD115 (Csfr1) and nonclassical
monocyte/DC marker CX3CR1 were expressed to higher levels in the murine kidney medulla than
cortex in resting conditions, while classical monocyte marker CCR2 was higher in the cortex (figure
6B,C). In catabolism, CD68 and CX3CR1 dropped significantly in the medulla. Also, expression the
MHCII molecule H2Aa as M1 polarization marker dropped more than M2 marker CD206 in the
medulla of catabolic mice (figure 6D), consistent with a regulation by NaCl and in parallel with our
earlier results in the human kidney [18].
Soluble chemotactic factors produced by tubular epithelium were analyzed next (figure 6E).
CCL26 is a pseudogene in mice [28]. Renal medullary CSF1 mRNA expression was downregulated in
catabolism, CCL2 and IL-1 mRNA were not significantly affected when compared to control
medulla. With the human NaCl-regulated chemokine system in view (suppl. figure 3C), we
investigated other human CCL26 receptors to explore for parallel responses in humans and mice that
are observed for most types of inflammation [29] (figure 6F). Indeed, Ccr5 and its ligand Ccl3 were
expressed significantly higher in resting medulla than cortex (figure 6G). This was abrogated in
catabolism, consistent with a NaCl-dependent regulation.
To address whether this could be attributed to catabolism, a second independent dataset of
more moderate catabolism was analyzed [30]. Here, four weeks caloric restriction decreased body
weight to 76% and doubled serum urea (figure 6H). We analyzed regulation of chemokines and their
receptors in the kidneys of these mice. All chemokines and monocyte surface receptors that were
decreased in the severely catabolic medulla (figure 6B-G) were also downregulated in whole kidney
of this model (figure 6I). Ccr2 and Ccr5 decreased significantly in both. Finally, we investigated the
7
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mechanistic role of urea in the murine system in inner medullar collecting duct cells. Indeed, both
Ccl2 and Ccl5 were upregulated by NaCl and the CCR5 ligand Ccl5 was significantly decreased by
urea (figure 6J). In summary, depression of chemokine expression by urea in vitro reflected decreased
chemokine and monocytic marker gene expression in the catabolic kidney medulla in vivo.
NaCl-treated tubular epithelium and its cytokines promote monocyte migration and bacterial
killing
Effects of tubular cell stimulation by medullary range NaCl on monocyte migration and
function were studied in primary human cells in vitro.
To test for effects of tubular NaCl exposure on monocyte migration, we incubated tubular
cells in medullary-range NaCl or equiosmolar urea for 24h and placed monocytes in a transwell
above. CD14+ monocytes migrated significantly more towards NaCl-stimulated than control or ureastimulated epithelium (figure 7A,B, gating in suppl. figure 7A), consistent with induction of
chemotactic factors. To delineate effects of the most regulated CCL26 and CCL2, recombinant human
cytokines were employed. While CCL2 function is well described [31], less is known about CCL26.
Among known human CCL26 receptors [28],[32],[33], expression of CCR1, CCR5 and CX3CR1, but
not CCR2 or CCR3 was detected in the normal human medulla (suppl. figure 3B, schematic depiction
of putative receptor ligand interactions in C). Both CCL2 and CCL26 increased ERK phosphorylation
in human monocytes (figure 7C). In addition, recombinant CCL26 and CCL2 cooperatively enhanced
total and CD14+ monocyte migration (figure 7D,E). This is consistent with functional collaboration of
these chemokines to induce migration towards NaCl stimulated tubular epithelium. To mimic the
medullary situation, chemokine-induced monocyte chemotaxis was assessed in the presence of
additional 120mM NaCl. Also here, a combination of CCL2 and CCL26 significantly promoted their
migration (figure 7F,G). CCL26 promoted bacterial killing by human blood monocytes (figure 7H,I).
In summary, the data demonstrate a cooperative function of CCL2 and CCL26 on monocyte
chemotaxis and promotion of bacterial killing.

8
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Tubular CCL26 associates with monocyte distribution in the human kidney
To address a possible role of CCL26 for monocyte distribution in the human kidney,
costainings of CD14+ monocytes and CD68+ macrophages with CCL26 were performed in human
kidneys (figure 8A). Digitally assisted quantification shows that the proportion of CCL26 expressing
tubuli in the renal medulla significantly correlated with medullary CD14+ monocyte densities in both,
renal allografts (figure 8B) and native kidneys with minimal change disease (figure 8C). In contrast,
there was no association with CD68+ macrophages densities (figure 8D,E) or macrophage polarization
markers (suppl. figure 8). Consistently, CCL26 did not affect M1 or M2 marker expression during
macrophage differentiation from human monocytes in vitro (suppl. figure 9). More monocytes were
observed close to CCL26+ than CCL26- tubuli in the same kidney (figure 8F). CCL26 correlation with
monocyte concentration is consistent with a functional role for their migration in the human kidney.
Discussion
Our data demonstrate that the chief renal osmolytes NaCl and urea exert differential effects on
renal tubular epithelial cell chemokine production. They determine CCL26 as a novel NaCl-induced
human cytokine with monocyte chemoattractive function.
The knowledge of immunoregulatory roles of osmolarity and tonicity has rapidly advanced in
recent years [34],[35]. Compared to other organs, the kidney reaches extreme osmolyte
concentrations. In addition, it regulates fluid and electrolyte balance of the whole body. Thus, the
local milieu is the result of a complex interplay of systemic and local electrolyte systems. We
addressed the roles of the main renal osmolytes, NaCl and urea [1],[2] for tubular cells as a major
renal resident celltype producing chemotactic cytokines [11],[18] together with monocytes as major
mobile effectors and regulators of renal antibacterial defense [12],[36], and also detrimental
inflammation [13].
We found that in tubular epithelium, NaCl enhanced cytokine expression. These NaCl effects
were largely substance independent and similarly elicited by elevated tonicity, i.e. by mannitol. This
is similar to cytokine regulation in human intestinal and bronchial epithelial and peripheral blood
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mononuclear cells [37]–[39]. Chemokine induction required reactive oxygen species, which agrees
with mechanisms of hypertonic stimulation in other cell types and settings [20],[22],[40].
Our data introduce CCL26 as a novel monocyte attractant in the human kidney. It was
strongly induced by NaCl in vitro and prominent in the human renal medulla, adding renal tubular
epithelium to the known CCL26 producers bronchial epithelial cells [24],[25], endothelium [41] and
fibroblasts [24],[26]. CCL26, which is a pseudogene in mice [28], was previously detected in human
kidney transplants [42]. It was first described as moderate eosinophil chemoattractant and later found
to also promote NK cell and monocyte migration [28],[43]. CCL26 functional effects appear to differ
depending on the presence of other cytokines and whether recombinant or chemically synthesized
protein is used [28],[32],[33]. Our results demonstrate a cooperative function with CCL2 in classical
monocyte attraction. Recruited monocytic cells can replace myeloid cells of embryonic origin and
develop similar phenotypes in the kidney, as demonstrated in murine models of cell fate mapping
[16],[17]. Human renal myeloid cell fates are technically challenging to verify. Our data
demonstrating that CCL26 modulates monocytic cell function towards more effective bacterial killing
are consistent with a functional role of monocyte derived cells in antibacterial response. Effects on
other recruited myeloid cells such as granulocytes as major antibacterial effectors remain to be
studied. CCL26’s murine functional homologues were similarly regulated in the kidney medulla in
vivo and by NaCl and urea in murine renal epithelium in vitro, supporting a common regulatory
pattern in these mammalian species. Consistently, monocyte, but not macrophage densities in the
human renal medulla correlated with CCL26 protein and gradients were decreased in conditions with
a loss of NaCl gradient.
Urea, the other main medullary osmolyte, either did not affect or even dampened tubular
chemokine production, namely human CCL26 and murine Ccl5. These effects did not significantly
depend on earlier defined mechanisms [44] (data not shown). Their underlying signaling remains to
be determined. NaCl intake and hypernatremia cause catabolism in humans and mice [2],[3],[45] and
increase renal medullary urea content [2],[3]. As no catabolic patient cohorts who underwent kidney
biopsies were identified, we analyzed renal gene expression in two independent datasets of short- and
10
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a long-term catabolic mice. Both show downregulation of chemokine and cognate receptor
expression, most markedly with concomitant severe antidiuresis [21],[30]. This is consistent with
tubular cell chemokine depression that was elicited by urea in both murine and human cells in vitro.
Systemic NaCl improves immune response to most, but not all infections at sites other than
the kidney [3],[46]–[49]. This applies especially to increased local NaCl concentrations, which were
however mostly markedly lower than in our study. Our results are consistent with a local
proinflammatory function of renal medullary-range NaCl by induction of tubular cell chemokine
expression, extending earlier observations [11],[18], and possibly a previously described direct
chemotactic effect [50]. By demonstrating that urea is dampening or inert, our data propose novel
mechanisms how catabolism decreases renal host defense. This project focused on chemokine
regulation by urea and NaCl. Their role in regulation of other immunoregulatory and inflammatory
factors including danger signaling and in different inflammatory renal diseases remains to be detailed.
In summary, our results depict two different renal medullary scenarios depending on whether
NaCl or urea is the main osmolyte. The energy intense state with tubular cell cytokine production and
recruited myeloid cells in the presence of elevated NaCl may aid antibacterial host response. On the
other hand, less cytokine production and a stable myeloid cell population in the presence of elevated
urea concentrations may benefit an organism with limited energy supply [51]. It may also limit
detrimental inflammation. This concept could provide a basis to additional management strategies of
these patient populations.
Materials and Methods
Human renal tissue samples
Normal renal tissue was identified in tumor nephrectomy specimens by a licensed renal
pathologist (n=8, 13% male, age 61.1 years, range 39-75 years). Renal transplant surveillance biopsies
were identified during a previous screening of all adult first renal transplant recipients at Hannover
Medical School, conducted according to the declaration of Istanbul, in 2010 for patients who
underwent surveillance biopsies. CD68 staining has been reported [19]. In the present study, all
transplant biopsy samples with available cortex and medullary tissue were stained for CD14 (n=27).
11
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Clinical chemistry values were assessed in the MHH clinical laboratories. Immunosuppressant and
diuretic use and dose (furosemide or torasemide, torasemide dose was multiplied by four to express
the biological equivalent) at first outpatient presentation were extracted from the clinical records. For
selection of minimal change disease samples, all kidney biopsies performed at MHH in adult patients
with an exclusive diagnosis of minimal change disease from 2009-2019 were identified from the
archives at the institute for pathology. Clinical data, immunosuppressant and diuretic were extracted
from the records. All patients (n=11) with residual cortical and medullary tissue for staining who did
not receive immunosuppressants at time of biopsy were included into this study. Immunostaining and
microscopy techniques are detailed in the online supplement.
Human and murine cell culture, hyperosmolar stimulation and bacterial killing
HK2 human tubular cells and murine inner medullary collecting duct cells (IMCD, both:
ATTC, Manassas, VA). A gene expression profile consistent with proximal tubular cells was
ascertained in the gene array. Leukocytes and normal human serum were recovered from fresh blood
or anonymized buffy coats obtained as a waste product from the blood donor service. Human
peripheral blood mononuclear cells were enriched by density gradient centrifugation with Biocoll
1.077 (Biochrom, Berlin, Germany). Hyperosmolar stimulation, and assessment of monocyte
migration, macrophage differentiation and bacterial killing are described in the online supplement.
Quantification of mRNA and soluble protein
RNA isolation, qPCR and ELISA procedures were essentially as described [20] and are
detailed in the online supplement together with the primer sequences.
Microarray specification and gene expression dataset analyses
A refined version of the whole human genome oligo microarray 4x44K (V2, ID 026652,
Agilent Technologies) called ‘026652QM_RCUG_HomoSapiens’ (ID084555) developed by the
Transcriptomics Core was used as described [52]. Data are available as GSE159238. For generation
of heatmaps and principal component analysis (PCA) plots, normalized microarray data were
imported into OmicsExplorer (V3.3, Qlucore).
Gene array data from normal human kidney (GSE3931)[23] and cortex and inner stripe of
12
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outer medulla of murine control and catabolic kidney (n=3-5 female mice/group, GSE81741)[21]
were obtained at NCBI. PANTHER overrepresentation test (V14.1, http://www.pantherdb.org) with
Fisher's exact test and Bonferroni correction and the Reactome analysis tool at reactome.org [53] were
employed for identification of functional gene groups. Calculation of -log10 adjusted p-values and
log-fold changes of candidate genes of the longterm starvation RNA sequencing dataset compared to
control mice [30] (n=4 male mice/group) was performed with the public online application of this
project.
Flow cytometry
Staining reagents are listed in the online supplement. Flow cytometry analysis was performed
on a Becton-Dickinson FACSCanto (Franklin Lakes, NJ) according to the current guidelines [54].
Data were analyzed using FlowJo software (Tree Star Inc., Ashland, OR).
Statistics
Two-tailed student’s t-test with Welch’s correction if variance was unequal was used to
compare two conditions using GraphPadPrism Version 8.2.1 (Irvine, CA). If more than two
conditions were compared, Bonferroni’s test of selected conditions or Dunnet’s test was applied after
ANOVA or non-parametric test was employed as appropriate and indicated in the figure legends. Data
are expressed as mean±SEM. P-values<0.05 were considered significant and are indicated: *p<0.05,
**p<0.01, ***p<0.001.
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Figure 1: Monocyte distribution in the human renal cortex and medulla and its modulation by loop
diuretic therapy
(A-C) CD68+ macrophages and CD14+ monocytes were evaluated in histologically normal
human kidney sections. Their abundance as % of all tissue was evaluated in cortex and medulla
separately (A, examples, B, statistical evaluation of n=8 patients each evaluated once, paired t-tests,
bars indicate 100m). (C) The medullary-cortical gradients of CD68+ macrophage and CD14+
monocyte densities were compared in each individual kidney (n=8 patients, each evaluated once,
paired t-test). (D,E) CD14+ monocyte medullary-cortical density gradients in human kidney allografts
were compared in early surveillance biopsies of patients with and without loop diuretic therapy (D
examples, bars indicate 100m, E n=12 and 15 patients per group, each evaluated once, t-test with
Welch’s correction). (F,G) CD14+ monocyte and CD68+ macrophage medullary-cortical density
gradients in human primary minimal change disease specimens were compared in patients without
(n=7 patients, each evaluated once) and with loop diuretic therapy at time of biopsy (n=4 patients,
each evaluated once) (E: paired t-tests, F examples, bars indicate 100m). Data are expressed as
mean±SEM.
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Figure 2: The effect of NaCl and urea on tubular epithelial cell gene expression
(A-D) Human renal tubular epithelial cells (HK2) were exposed to additional 120mM NaCl,
isoosmolar Urea (240mM) or mannitol (240mM) as tonicity control. Gene expression was assessed by
gene array analysis after 24h (n=1 per condition in one experiment). (A) Venn’s diagrams of genes
regulated twofold or more in parallel are shown for all, up- and downregulated genes of the three
hyperosmolar conditions compared to normal media. The proportion of genes regulated by NaCl and
urea in the up- and downregulated groups was compared by Fisher’s exact test. (B,C) Principal
component analysis of all regulated genes (B) and with the variance threshold = 0.4 (C). (D) Heat map
analysis, variance threshold = 0.4.
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Figure 3: Renal epithelial cell chemotactic cytokine expression response to elevated NaCl and urea
(A-E) Human renal tubular epithelial cells (HK2) were cultured with additional 120mM
NaCl, isoosmolar Urea (240mM) or mannitol as tonicity control. (A,B) Regulation of soluble immune
mediators (chemokines, interleukins, and colony stimulating factors) was assessed by gene array
analysis after 24h (experimental conditions as in fig. 2) and is shown relative to control (A, log
values). All mediators regulated 1.5x or more are underlaid in gray. (B) Volcano plot analysis of isoversus hypertonic osmolytes shows most upregulation in hypertonicity for CCL26 and CCL2,
followed by CSF1. (C) Response of the three most regulated mediators CCL26, CCL2 and CSF1 was
assessed after 6, 24 and 48h exposure to additional high (+120mM) and low (+40mM) NaCl
concentrations and equiosmolar urea by qPCR (n=3 in 3 indep. exp., Dunnett’s after ANOVA at each
timepoint). (D) HK2 were exposed to mannitol as tonicity control, NaCl or urea of equal osmolarity.
CCL26, CCL2 and CSF1 mRNA was determined by qPCR (n=3 in 3 indep. exp., Dunnett’s after
ANOVA). (E) ROS-scavenger NAC (10mM) was added to 24h stimulation with the indicated
osmolyte concentrations (120mM NaCl, 240mM urea, 60mM NaCl+120mM urea) and chemokine
mRNA assessed (n=3 in 3 indep. exp., Sidak’s test after ANOVA). Data are expressed as mean±SEM.
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Figure 4: Renal chemotactic cytokine expression in cortex and medulla
(A,B) CCL26 protein (A) and mRNA (B) was assessed in normal tissues from tumor
nephrectomies (n=8 patients, each investigated once). (C) All chemotactic factors upregulated at least
1.5x by NaCl in tubular epithelium were analyzed in a human kidney outer cortex and inner medulla
gene expression set (GSE3931). All genes reported by the array and their individual p-values are
shown (n=5 kidneys from 5 patients, each investigated once), log values relative to mean of cortex,
whiskers represent total range, p-values of individual t-tests are shown if below 0.2). (D) CLL26
expression (red) in relation to proximal tubular markers CD10 and CD138, loop of Henle (LOH) and
distal tubular marker EMA, marker of ascending loop of Henle (LOH) cytokeratin (CK)7, and
collecting duct marker cytokeratin (CK) 34E12 (green, blue: DAPI nuclear counterstain, examples
of at least 10 HPF per marker, bars=50m) (E,F) The proportion of CCL26+ tubuli in cortex and
medulla of normal human kidney was assessed after immunostaining on digitalized images using an
interactively set threshold based on diaminobenzidine optical density (E examples of staining and
tubular annotation, n=8 patients, each tested once, Wilcoxon matched-pairs test, bar=50m).
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Figure 5: Regulation of monocyte chemotactic factors by urea
(A,B) Human tubular epithelial cells (HK2) were cultured with additional 120mM NaCl,
isoosmolar Urea (240mM) or combinations with equal total osmolarity (60mM NaCl + 120mM urea)
or substance concentration (120mM NaCl + 240mM urea) (A) or 240mM additional urea in the
presence or absence of recombinant IL-4 and IL-13 (1 and 10ng/ml, B) for 24h. CCL26, CCL2 and
CSF1 gene expression was assessed by qPCR (A: n=4 in 4 indep. exp., Dunnett’s after ANOVA, B:
n=3 in 3 indep. exp., t-tests). Data are expressed as mean±SEM.
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Figure 6: Regulation of monocyte chemotactic factors in the catabolic kidney medulla
(A-G) Gene expression in renal cortex and inner stripe of outer medulla was analyzed in
catabolic (cat.) mice after 72h water deprivation and untreated controls (experimental setup in A,
GSE81741). Macrophage marker CD68 and murine monocyte marker CD115 (Csfr1) (B), monocyte
subtype markers and chemokine receptors CCR2 and CX3CR1 (C), M1 and M2 macrophage markers
MHCII (H2Aa) and CD206 (Mrc2) (D) and cognate ligands (E) were assessed (n=3 ctrl., n=5
catabolic mice in one exp., Bonferroni after ANOVA). (F) Overview of murine chemokines and their
receptors. Genes regulated in human tubular epithelium by NaCl and urea are marked in blue if
detected in the murine kidney and red if upregulated in normal medulla compared to cortex and
downregulated in the medulla in catabolism. Known interactions are marked by arrows. CCL26 is a
pseudogene in mice. (G) Regulation of CCR5, which is among human CCL26 receptors, and its
murine ligands CCL3, CCL4 and CCL5 mRNA expression in murine cortex and medulla at rest and
in catabolism. (H,I) Total kidney gene expression after four weeks caloric restriction of 70% of
normal food intake (H). Relative change and adjusted p-values of all genes analyzed in B-G are
shown (I, chemokines in blue, receptors and surface markers in black, significant p-values are
indicated above dotted line on y-axis. Ccl2, Ccl3, Ccl4 and Ccl5 were below detection limits,
n=4/group in one exp.). (J) Murine inner medullary collecting duct (IMCD) cells were exposed to the
indicated additional NaCl and urea concentrations and Ccl2 and Ccl5 chemokine gene expression
assessed after 24h. Ccl3 and Ccl4 were below detection limit (n=6 from 3 indep. exp., Dunnett’s after
ANOVA). Data are expressed as mean±SEM.
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Figure 7: Monocyte migration, differentiation and bacterial killing in response to NaCl-stimulated
epithelium and induced chemokines
(A,B) Human renal tubular epithelial cells (HK2) were exposed to additional 120mM NaCl,
equiosmolar urea or standard media for 24h. Cells were washed and culture was continued in standard
media for 3h. During the last hour, human peripheral blood mononuclear cells were added in a
transwell chamber. Monocyte migration was assessed by flow cytometry (experimental setup in A, B:
statistical analysis of n=4 from 2 indep. exp., Dunnett’s after ANOVA, gating in suppl. figure 7A).
(C) ERK phosphorylation was assessed in human peripheral blood CD11b + mononuclear cells after
5min exposure to recombinant CCL2 (10ng/ml) or CCL26 (1000ng/ml) (1 of 2 indep. exp., gating in
suppl. figure 7B). (D,E) Migration of monocytes in a transwell towards recombinant CCL2 (1ng/ml)
or CCL26 (500ng/ml) was assessed by flow cytometry (experimental setup in D, E: statistical analysis
of n=4 from 2 separate exp., Dunnett’s after ANOVA). (F,G) Migration of monocytes in a transwell
in media supplemented with 120mM NaCl towards recombinant CCL2 (1ng/ml) or CCL26
(500ng/ml) was assessed after 1h by flow cytometry (experimental setup in F, G: n=4 from 2 separate
exp., ratio paired t-tests). (H,I) Killing of E. coli during 1h co-incubation with CCL26-prestimulated
compared to control monocytes (experimental setup in H, I: n=9 from 9 separate exp., paired t-tests).
Data are expressed as mean±SEM.
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Figure 8: Correlation of CCL26 and monocyte abundance in the human renal medulla
(A-E) CD14+ monocyte (B,C) and CD68+ macrophage (D,E) densities in renal medulla of
renal transplant recipients (B,D) and patients with minimal change disease (C,E) are shown in relation
to tubular CCL26 expression (A, examples of cortex in medulla with high and low CCL26 densities,
cohorts as in figure 1 and suppl. tables 1,2). (F) The number of CD14+ monocytes within 10m of
CCL26+ versus CCL26- tubules was compared (n=15 tubuli from 1 patient evaluated once, MannWhitney test. Data are expressed as mean±SEM.
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Graph Abstract
Immune cells in the kidney serve as sentinels against ascending bacteria but also promote
detrimental inflammation. The kidney medulla is characterized by extreme electrolyte concentrations.
We here show that renal medullary range NaCl induces tubular cell chemokine expression and
delineate human CCL26 as a novel monocyte chemotactic factor.
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