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Peritoneal dialysis (PD) employs hypertonic glucose to remove excess water and ure-
mic waste. Peritoneal membrane failure limits its long-term use. T-cell cytokines pro-
mote this decline. T-cell differentiation is critically determined by the microenvironment.
We here study how PD-range hypertonic glucose regulates T-cell polarization and IL-17
production. In the human peritoneal cavity, CD3* cell numbers increased in PD. Single
cell RNA sequencing detected expression of T helper (Th) 17 signature genes RORC and
IL23R. In vitro, PD-range glucose stimulated spontaneous and amplified cytokine-induced
Th17 polarization. Osmotic controls L-glucose and pD-mannose demonstrate that induc-
tion of IL-17A is a substance-independent, tonicity dose-dependent process. PD-range
glucose upregulated glycolysis and increased the proportion of dysfunctional mitochon-
dria. Blockade of reactive-oxygen species (ROS) prevented IL-17A induction in response
to PD-range glucose. Peritoneal mesothelium cultured with IL-17A or IL17F produced
pro-inflammatory cytokines IL-6, CCL2, and CX3CL1. In PD patients, peritoneal IL-17A
positively correlated with CX3CL1 concentrations. PD-range glucose-stimulated, but nei-
ther identically treated I117a~/-1117f 7/~ nor T cells cultured with the ROS scavenger N-
acetylcysteine enhanced mesothelial CX3CL1 expression. Our data delineate PD-range
hypertonic glucose as a novel inducer of Th17 polarization in a mitochondrial-ROS-
dependent manner. Modulation of tonicity-mediated effects of PD solutions may improve
membrane survival.
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Introduction

The peritoneal cavity is a model system for the study of inflam-
mation [1]. It is lined by peritoneal mesothelial cells that read-
ily secrete chemoattractants and protect the body from infections
transmigrating from the gut or urogenital organs [2]. Clinically,
its large surface, high transport capacity, and dense vasculariza-
tion serve as a natural dialysis filter for patients with end stage
renal disease. Approximately 15% of dialysis patients worldwide
employ peritoneal dialysis (PD), which is valued for preservation
of residual renal function, flexibility, and patient autonomy [3].
Excess water, electrolytes, and uremic waste are removed from
the body by filling the peritoneal cavity with a sterile hypertonic
solution several times per day and subsequent drainage at defined
intervals. The use of PD is limited by progressive deterioration of
peritoneal ultrafiltration capacity in most patients, a process that
is accompanied by chronic inflammation and fibrosis [4]. Hyper-
osmolar glucose is the osmotic agent in the majority of PD solu-
tions, but modern formulations contain low amounts of advanced
glycation end products and the former acidic lactate buffer sys-
tem is replaced by bicarbonate. However, these measures have
improved peritoneal membrane survival only very moderately.
Membrane failure continues to be a major unmet clinical need
in PD [5].

A significant body of literature demonstrates upregulation of
interleukin (IL)-17 family cytokines in PD-associated peritoneal
fibrosis [1]. IL-17 contributes to host defense against infections
as well as autoimmune disease and chronic inflammation. IL-17
producing T cells, which include T helper 17 (Th17) cells, y3T
cells, and innate lymphoid cells [6, 7], are characterized by the
transcription factor RORyt. They frequently express the closely
related IL-17E IL-21, and IL-22 cytokines in addition to IL-17A.
PD patients’ dialysates and peritoneal biopsies contain IL-17A.
Its concentration increases in controlled conditions of murine PD
models [1, 8, 9]. Antibody blockade of the IL-17A pathway signif-
icantly reduces experimental peritoneal fibrosis [8, 9]. However,
the mechanisms of IL-17A induction in PD are very incompletely
understood. In addition, knowledge of the mesothelial response
to IL-17A is limited [1]. In many culture systems, IL-17A serves
as an adjuvant to other cytokines such as TNFa rather than as a
direct stimulator of endothelial or epithelial cells [1, 7]. In PD,
upregulation of the Thl7-related cytokines IL-6 [10] and IL-18
[11, 12] is established. Together with IL-17, they can form a
self-promoting loop. Understanding the step at which PD solu-
tions trigger this loop is essential to interrupt or prevent the pro-
inflammatory pathophysiology of peritoneal fibrosis.

Metabolism plays a central role in regulation of T-cell IL-
17 production [13]. Effector T cells, most markedly Th17 cells,
upregulate glycolytic enzymes and require glycolysis for their
pathophysiologic function [14-16]. Indeed, glucose concentra-
tions that occur in diabetic patients induce Th17-type cytokine
expression [17] and are part of standard T-cell culture systems
(e.g., 25 mM glucose in IMDM). 25mM compared to 5.5 mM glu-
cose significantly enhanced IL-17A production in the presence of
latent TGFp [18]. Glucose concentrations in PD fluid are markedly
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higher, ranging from 75.5 (1.36%) to 235.8 mM (4.25%). 1.36%
and 2.27% glucose solutions are most commonly used in clinical
practice [3, 5]. Glycolysis increased in mesothelial cells exposed
to chronic PD solution stimulation in vivo. However, this was
not replicated by PD fluid in vitro [19]. This suggests that other
cell types could be responsible for mesothelial damage in vivo.
As opposed to lower glucose concentrations, whether or not PD-
range glucose directly activates Th17 polarization has not been
reported.

Ambient tonicity is an emerging regulator of the immune
response [20, 21]. Specifically, elevated NaCl concentrations favor
Th17 polarization in the presence of cognate cytokines and also
spontaneously [20, 22-24]. Nuclear factor of activated T cells 5
(NFATS5, also called TONEBP) was central for sensation of tonicity
in this process. Most of this effect was attributed to sodium. How-
ever, minor amplifications of cytokine-mediated Th17 polarization
were also observed with other hypertonic substances including
Na-gluconate, MgCl,, and mannitol [22]. The effect of glucose
was not reported. Hypertonicity is the mechanism how PD solu-
tions induce peritoneal ultrafiltration for excess fluid removal. The
tonicity of glucose-based PD solutions closely associates with peri-
toneal fibrosis and ultrafiltration failure [25, 26]. In many cases,
the need for highly concentrated PD solutions due to deteriorating
peritoneal function appears to start a vicious circle that ultimately
results in loss of membrane function and PD as renal replacement
therapy. Distinguishing tonicity-mediated from metabolic effects
may provide essential information in the search for optimally
compatible PD solutions.

Single cell RNA sequencing of human dialysate T cells revealed
an intraperitoneal Th17 population. We therefore investigated the
impact of PD-range glucose on Th1l7 polarization and defined
underlying mechanisms. Our data delineate that PD-range hyper-
tonicity induces T-cell IL-17A production via ROS from dysfunc-
tional mitochondria, which subsequently stimulates mesothelial
cytokine production and thereby initiates a proinflammatory cas-
cade in the peritoneal cavity.

Results

Peritoneal T-cell abundance and Th cell marker
expression in human PD

T cells in the human peritoneal cavity were readily detected by
flow cytometry (Fig. 1A). Their proportion among all live cells was
markedly higher in stable PD patients than at PD catheter implan-
tation (Fig. 1B), which agrees with other reports [27]. Peritoneal
T-cell gating was confirmed by the absence of CD3™ T cells in a
long-term PD patient with Schimke’s immuno-osseus dysplasia.
To assess human peritoneal T-cell polarization in PD, single
cell RNA sequencing data were analyzed [19]. Gene expression
patterns clearly separated T cells from other cell types (Fig. 1C
and D and Supporting Information Fig. S1). Within this CD3*
population, Th cell signature transcription factors were analyzed
(Fig. 1E). Populations expressing Thl, Th2, and Treg signature
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Figure 1. T-cell polarization in the human peritoneal cavity during peritoneal dialysis. (A, B) Flow cytometric analysis of CD3" T cell abundance in
peritoneal dialysates from the first peritoneal lavage during catheter implantation (first PD lavage) and from stable PD patients (A, gating strategy
including FMO and B, statistical analysis of n = 6 and 7 donors, unpaired t-test, cells from a T-cell deficient patient served a gating control). Data
are shown as mean + SEM. (C-E) Peritoneal single cell mRNA sequencing analysis from n = 6 PD patients [19]. Network-based clustering produced
distinct clusters of mesothelial cells, B cells, T cells, and myeloid cells (C, selected marker genes and D, overview of classification). (E) Among CD3"
cells, log-transformed expression of Th cell signature transcription factors TBX21 (Th1), GATA3 (Th2), FOXP3 (Treg) and RORC (Th17), and the Th17

marker IL23R is depicted.

transcription factors as well as a population expressing the
Th17 signature transcription factor RAR-related orphan receptor
gamma (RORyt) and the IL-23 receptor, a marker of pathogenic
Th17 cells [6, 7], were clearly detectable.

These analyses demonstrate T-cell accumulation and charac-
teristics of Th17 cells in the peritoneal cavity of PD patients.

Spontaneous and cytokine-mediated Th17
polarization is enhanced by PD-range glucose
concentrations

The impact of PD-range hypertonic glucose on T-cell polariza-
tion was tested in controlled conditions in vitro using 140 mM
total glucose, closely corresponding to medium strength 2.27%
PD solution (Fig. 2A). In murine splenocytes, PD-range glucose
significantly increased IL-17A" among all and CD4™ T cells after
4 days culture in Th17 polarizing conditions (Fig. 2B-D, gating
strategy in Supporting Information Fig. S2). Polarization of iso-
lated CD4" T cells yielded very similar results (Supporting Infor-
mation Fig. S3), while it was ineffective in naive CD4* cells
(n = 4, data not shown). Fewer cells were recovered after culture
in 140 mM glucose and indeed it significantly reduced prolifer-
ation (Supporting Information Fig. S4A-C) and also affected the
proportion of dead cells detected by flow cytometry (Supporting
Information Fig. S4D-G). IL-17A secretion into the supernatant
increased significantly with PD-range glucose (Fig. 2E). Analyzed
separately, PD-range glucose increased spontaneous IL-17A secre-
tion already after ThO culture without Th17-polarizing cytokines
(Fig. 2E). Expression of RORyt similarly increased with PD-range
glucose (Fig. 2F and G).

As an independent method, Th17 marker gene expression was
investigated after culture in a range of glucose concentrations
up to 140 mM glucose with and without ThO and Th17 polar-
izing cytokines. Note that 140 mM glucose significantly increased
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spontaneous expression of Th17 signature cytokines IL-17A and
IL-17F already in ThO conditions compared to standard T-cell cul-
ture media, IMDM with 25 mM glucose (Fig. 2H). Also, RORyt
mRNA expression increased glucose concentration dependently
with significant effects already at 80 mM. IL-23 receptor, a marker
of pathogenic Th17 cells, was similarly promoted by PD-range glu-
cose. 140 mM glucose amplified Th17 marker expression on top
of a combination of Th17-polarizing cytokines IL-6, TGF-8, and
IL-1B (Fig. 2I). In contrast, expression of signature transcription
factors of Th1l (T-bet, gene name Tbx21), Th2 (Gata3), and reg-
ulatory (Foxp3) T cells in neutral conditions was not significantly
affected by PD-range glucose concentration (Supporting Informa-
tion Fig. S5A-C).

These data show that PD-range glucose concentrations polar-
ize splenocytes toward IL-17A production and further amplify the
effects of Th17 differentiating cytokines.

PD-range glucose media increases glycolysis during
T-cell culture

We investigated underlying mechanisms of enhanced IL-17 pro-
duction in a PD-range glucose environment. Metabolic reprogram-
ming toward glycolysis is a hallmark of Th cell differentiation [14,
28]. Indeed, culture in PD-range 140 mM compared to standard
25 mM glucose enhanced glucose consumption and lactate pro-
duction (Fig. 3A and B). This was independent of Th17 polarizing
cytokines.

Hypoxia-inducible factor 1 alpha (HIF-1a) is a key transcrip-
tional regulator of glycolytic enzymes. It is known to be promoted
by Th17 polarizing cytokines and mediates Th17 differentiation
[28-31]. We therefore next addressed the impact of PD-range glu-
cose on expression of HIF-1a and, as indicators of its function,
central target genes that regulate the glycolysis [28] (Fig. 3C).
Hifla expression increased in the presence of Th1l7 polarizing
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Figure 2. Role of elevated glucose concentrations for spontaneous and cytokine-mediated Th17 polarization. (A-I) WT splenocytes were cultured on
anti-CD3 and anti-CD28 mAB in neutral (Th0) or Th17 polarizing conditions in standard (25 mM) or in PD-range concentrations of 50, 80, or 140 mM
D-glucose (experimental design in A). (B-D) Flow cytometry was performed after restimulation and intracellular IL-17A staining (B, representative
dot plots; C, D, statistical analysis of IL-17A" cells among all live cells (C) and CD4" cells (D), n = 10 from five independent experiments, Dunnett’s
after one-way ANOVA). (E) IL-17A concentration in the supernatant on day four of culture measured by ELISA (n = 3 from three independent
experiments, Bonferroni after one-way ANOVA). (F, G) Assessment of RORyt protein expression by flow cytometry (F, examples; G, statistical analysis
of n = 4-6 from two to three independent experiments, Dunnett’s after ANOVA). (H, I) Expression of the Th17 marker cytokines I117a and I117f, Th17
signature transcription factor Rorc, and IL-23 receptor (I123r) were assessed by qPCR relative to Hprt in ThO (F) and Th17 (G) conditions (n = 8 from

25mM 50mM  80mM 140mM

four independent experiments, Dunnett’s after ANOVA). All data are shown as mean + SEM.
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Figure 3. Glycolysis during Th17 differentiation in PD-range glucose. (A,
B) Glucose consumption (A) and lactate production (B) were assessed in
the cell culture medium after T-cell differentiation in standard and PD-
range glucose media on anti-CD3 and anti-CD28 mAB and measured
by an automated analyzer (n = 3 from three independent experiments,
Bonferroni after ANOVA). (C) Overview of enzymes required in glycolysis
and their regulation by HIFla. (D, E) Gene expression analysis of Hifla
(D), and HIFla-regulated glycolysis enzymes Slc2al, Hk2, Pkm2, and Ldha
(E) relative to Hprt after 4 days differentiation in ThO or Th17 conditions
with standard (25 mM) or PD-range (140 mM) glucose and measured by
qPCR (n = 8 from four independent experiments, Bonferroni after one-
way ANOVA). All data are shown as mean + SEM.

cytokines. Its expression was further amplified by PD-range glu-
cose (Fig. 3D). Similarly, expression HIF-1a target genes encoding
glucose receptor 1 (Slc2al), which facilitates glucose uptake, and
hexokinase 2 (Hk2), which mediates the first step of glycolysis,

© 2020 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

Eur. J. Immunol. 2021. 51: 354-367

was amplified by PD-range glucose (Fig. 3E). No such effect was
seen for pyruvate kinase M (Pkm2). In addition, PD-range glucose
upregulated both hexokinase 2 (Hk2) and lactate dehydrogenase
(Ldha) mRNA expression already in the absence of Th17 polar-
izing cytokines. These data are consistent with a combination of
HIF-1a-dependent and -independent effects of PD-range glucose
on glycolysis regulation.

Additive effects of Th17 polarizing cytokines and PD-range
glucose observed in glycolytic pathway gene expression are con-
sistent with their cooperative effects on Th17 polarization.

Hypertonic hexose sugars elevate T-cell IL-17A
production and osmotic sensor NFATS expression

To test whether this was caused by the abundance of D-glucose as
a metabolic substrate, we employed L-glucose, the metabolically
inactive stereoisomer. Using the same final total glucose concen-
trations, D- and L-glucose enhanced the proportion of IL-17A pro-
ducing cells in indistinguishable manners (Fig. 4A and B). Also on
mRNA level, IL-17A production was very similar (Fig. 4C). This
argues against a direct metabolic effect of the surplus D-glucose
in PD-range media as the underlying mechanism.

Standard IMDM used for T-cell polarization contains 25 mM
glucose, a markedly higher concentration than in normal human
plasma. We therefore conducted additional experiments in RPMI
with a baseline physiological 5 mM glucose concentration
(Fig. 4E). Total hexose sugar concentration was increased to PD-
range (140 mM) using D-glucose, L-glucose, or D-mannose, which
at a lower concentration has been reported to promote regulatory
T-cell differentiation [32]. Again, the proportion of IL-17 produc-
ing T cells increased in 140 mM total hexose compared to 5 mM
irrespective of the type of sugar used. These data suggest that
significant effects of these hexose sugars on Th17 polarization are
substance independent and may be tonicity mediated. Indeed, PD-
range D-glucose increased tonicity sensor Nfat5 mRNA expression
independent of Th17 polarization in total splenocytes and isolated
CD4" T cells (Fig. 4F and G). p- and L-glucose effects on Nfat5
mRNA were very similar (Fig. 4D).

Taken together, these results propose hypertonicity as the com-
mon underlying mechanism of elevated Th17 differentiation in
the presence of PD-range hexose.

PD-range glucose induces mitochondrial dysfunction

To further investigate the change in cell metabolism in a PD
range glucose environment (Fig. 3A and B), we next addressed
mitochondrial function. An intricate balance and interaction
of mitochondrial metabolism with glycolysis modulates T-cell
differentiation [28, 33].

T cells after ThO and Th1l7 culture in PD-range glucose
compared to control conditions were stained for dysfunctional
mitochondria. Loss of mitochondrial membrane potential was
significantly more frequent after exposure to PD-range glucose
(Fig. 5A and B). This was equally observed for D-glucose and its
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Figure 4. Role of tonicity in PD-range D-glucose, L-glucose, and p-mannose hexoses stimulated T-cell IL-17A production. (A-G) ThO and Th17
cultures were conducted for 4 days on anti-CD3 and anti-CD28 mAB. (A-D) Total splenocytes were cultured in IMDM (25 mM D-glucose) with or
without additional p- or L-glucose to reach a total of 140 mM glucose. IL-17A was assessed by flow cytometry in CD4" T cell after restimulation (A,

example; B, statistical analysis) and I117a (C) and Nfat5 (D) relative to Hpr
(E) Total splenocyte ThO and Th17 cultures were conducted in RPMI with
as indicated. Flow cytometric analysis of IL-17A in CD4" T cells is shown

t by qPCR (n = 4, two independent experiments, Dunnett’s after ANOVA).
a baseline of 5 mM glucose and additional - or L-glucose or b-mannose
(n = 4, two independent experiments). (F, G) Gene expression analysis of

osmotic stress sensor NF of activated T cells 5 (Nfat5) in total splenocytes (F, n = 8, two independent experiments) and sorted CD4" T cells relative
to Hprt by gPCR (G, n = 4, two independent experiments, Mann-Whitney tests). All data are shown as mean + SEM.

metabolically inactive stereoisomer L-glucose, consistent with a
tonicity-dependent process.

This shows an increase in T-cell mitochondrial dysfunction in
response to PD-range hexose in vitro and in vivo.

Reactive oxygen species drive Th17 differentiation in
PD-range glucose

Dysfunctional mitochondria release reactive oxygen species
(ROS), which have distinct effects on immunity [28, 33, 34]. We
tested whether or not ROS were involved in the observed T-cell
phenotype by adding the ROS scavenger N-acetylcysteine (NAC)
to Th1l7 differentiation in PD-range glucose. ROS scavenging
dose dependently decreased the proportion of IL-17A producing
among all and CD4" T cells (Fig. 5C and D). Cell viability was very
good irrespective of treatment and apoptosis rates not detectably
different (Supporting Information Fig. S6C and D). Posttranscrip-
tional activation of NFATS5 protein by ROS has been reported
[35]. Indeed, despite the fact that Nfat5 mRNA expression in

© 2020 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

response to hypertonic glucose was unchanged, NAC significantly
diminished IL-17A and RORyt mRNA expression (Fig. 5E and
data not shown). T-cell culture in PD-range glucose without
polarizing cytokines (“Th0”) in the presence of NAC also resulted
in much less IL-17A mRNA expression than without, despite a
similar or even enhanced rise in NFAT5 mRNA (Fig. 5F and G).
Human leukocytes also expressed significantly less RORyt mRNA
after T-cell culture in the presence of NAC than without (Fig. 5H).
In high glucose conditions, this was equally achieved by inhibition
of mitochondrial ROS, which was not effective in standard glu-
cose. Conversely, NAC either did not alter or even enhanced Thl,
Th2, and regulatory T-cell signature transcription factor expres-
sion in standard or PD-range glucose (Supporting Information
Fig. S5D-F) in human cells, while inhibition of mitochondrial
ROS was ineffective. These data suggest that mitochondrial
ROS are central mediators of increased Th17 differentiation in
PD-range glucose.

To test whether this was a T-cell intrinsic effect, we exposed
sorted murine CD4* T cells to PD-range glucose with or without
NAC and a mitochondrial ROS inhibitor. In PD range glucose,
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Figure 5. Mitochondrial dysfunction and the role of ROS in Th17 polarization in PD-range glucose. (A,B) After 4 days ThO and Th17 culture on
anti-CD3 and anti-CD28 mAB in the presence of the indicated concentrations of D-glucose and L-glucose, mitochondrial function was assessed
by MitoTracker Green (mitochondrial lipid membranes) and MitoTracker Red (staining of respiring mitochondria) for dysfunctional mitochondria
after restimulation by flow cytometry (A, typical examples and B, analysis of n = 6, 3 independent experiments, Dunnett’s after one-way ANOVA).
(C-E) After four days ThO and Th17 cultures of total splenocytes on anti-CD3 and anti-CD28 mAB in the presence of the indicated concentrations
of D-glucose and ROS scavenger N-acetylcysteine (NAC), IL-17A production was assessed by flow cytometry after restimulation and intracellular
staining in all live (C) and live CD4" cells (D). IL-17A mRNA was assessed relative to Hprt by qPCR without restimulation. (E) ANOVA of NACs against
control in each condition (n = 4, two independent experiments). I117a (F) and Nfat5 (G) mRNA relative to Hprt was assessed by qPCR after ThO culture

(t-tests with Welch’s correction, n = 3-4, two independent experiments). (H

) After 5 days of culture of human peripheral blood mononuclear cells on

anti-CD3 and anti-CD28 mAB in the presence of the indicated concentrations of D-glucose and the presence or absence of N-acetylcysteine (NAC,
10 mM) or mitochondrial ROS inhibitor MitoTEMPO (500 M), RORC mRNA was assessed relative to Hprt by gPCR (n = 4-8, two to four independent
experiments, Dunnett’s after ANOVA). (I) Magnetically enriched CD4" splenocytes were cultured on anti-CD3 and anti-CD28 mAB in neutral (Th0) or
Th17 polarizing conditions and PD-range 140 mM D-glucose with and without ROS scavengers NAC (1 mM) or MitoTEMPO (500 uM). Flow cytometry
was performed after re-stimulation and intracellular IL-17A staining on day 4 (n = 4, two independent experiments). All data are shown as mean

+ SEM.

ROS inhibition decreased IL-17A producers with marked mito-
chondrial contribution, supporting the notion that indeed mito-
chondrial ROS are major drivers of the observed phenotype in
T cells (Fig. 5I).

These data determine that T-cell mitochondrial ROS are nec-
essary for IL-17A induction by PD-range hypertonic glucose.

IL-17A and IL-17F dose dependently stimulate
peritoneal mesothelial cell cytokine production

To test for the relevance of elevated IL-17 production for peri-
toneal damage, we investigated mesothelial cells, which are cen-
tral for PD membrane function [5]. Direct IL-17 effects on the
mesothelium were studied after presence of IL-17 receptor A and
the highly regulated subunit IL-17 receptor C, which are required
for IL-17A and IL-17 signaling [6] was ascertained (Supporting
Information Fig. S7A-C).

IL-17A in effluents of stable PD patients significantly correlated
with the mesothelial chemokine CX3CL1 (fractalkine) (Fig. 6A),
which we recently identified as part of a pro-fibrotic peritoneal
loop [12]. To test for a functional role of IL-17A and IL-17F in
mesothelial chemokine regulation, murine mesothelial cells were

© 2020 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

stimulated with recombinant cytokines. In addition to CX3CL1,
we studied expression of CCL2 as mobilizer of inflammatory
monocytes and Thl7-related cytokines IL-1B, IL-6, TGF-B, and
IL-23 (p19/p40). Importantly, direct mesothelial stimulation with
PD-range glucose did not induce Cx3cl1, Ccl2, or I16 mRNA expres-
sion but rather downregulated expression of the former (Support-
ing Information Fig. S8), excluding direct effects of PD-range glu-
cose on this mesothelial function. IL-18 and IL-23 mRNA were
below detection limit in all analyzed mesothelial cell samples.
Both IL-17A and IL-17F dose dependently increased mesothelial
Cx3cll1, Ccl2, and 116 expression (Fig. 6B and C), while there was
no effect on TGF-B mRNA (Supporting Information Fig. S7D and
E). IL-17A maximal effect was larger, which agrees with maximal
effects on other cytokines and in other cell types [6]. Both IL-17
receptor subunits A and C mRNA expression were unaffected
by ligand stimulation (Supporting Information Fig. S7B and C).
In line with increased gene expression levels, CX3CL1 protein
in the supernatant increased (Fig. 6D). CX3CL1 also exists in a
stalked form. Confocal microscopy demonstrates an increase of
membrane-associated CX3CL1 on mesothelial cells after stimula-
tion with IL-17A (Fig. 6E).

These results show that IL-17 cytokines directly promote
mesothelial proinflammatory cytokine expression.
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Figure 6. Effects of IL-17A and F on mesothelial cell cytokine expression. (A) The amount of IL-17A in peritoneal dialysate per day and serum
CX3CL1 protein levels were measured by ELISA in peritoneal effluents of stable PD patients (n = 13). (B, C) Murine peritoneal mesothelial cells were
stimulated with IL-17A (B) or IL-17F (C) at the indicated concentrations for 2-24 h and Cx3cl, 116, and Ccl2 mRNA expression relative to Hprt assessed
by gPCR (n = 4, two independent experiments, Dunnett’s after one-way ANOVA). (D) CX3CL1 secretion into the supernatant was assessed by ELISA
after 24 h stimulation and in control cells (n = 2, two independent experiments, Dunnett’s after ANOVA). (E) Confocal microscopy of CX3CL1 on
mesothelium after 8 h stimulation with 10 ng/mL IL-17A (green = CX3CL1, blue = DAPI nuclear counterstain, one of two experiments, 40x and 63x
original magnification, bars indicate 100 and 10 pm). Data are shown as mean + SEM.
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Figure 7. T cell IL-17A and IL-17F and ROS during T-cell culture in glucose-dependent induction of mesothelial CX3CL1. (A-D) WT (wt) or
N17a”1117f"- splenocytes were differentiated on anti-CD3 and anti-CD28 mAB for 4 days and added to mesothelial cells 24 h before mesothe-
lial cells were harvested and gene expression relative to Hprt analyzed by qPCR (experimental design depicted in A). (B-D) Gene expression analysis
of mesothelial chemokines Cx3cl1 (B), Ccl2 (C), and II6 (D) (n = 3, two independent experiments, Dunn’s after Kruskal-Wallis test). (E) CX3CL1 secre-
tion into the supernatants of co-cultures was determined by ELISA (n = 3, two independent experiments, Dunn’s after Kruskal-Wallis test). (F,G)
WT splenocytes, which previously had been cultured on anti-CD3 and anti-CD28 mAB in 140 mM D-glucose with or without the indicated concen-
trations of NAC for 4 days were washed and added to peritoneal mesothelial cells for 24 h (experimental design in F). (G) Gene expression analysis
by gPCR of mesothelial chemokines Cx3cl1, Ccl2, and II6 relative to Hprt (n = 4, 2 independent experiments, Dunnett’s after one-way ANOVA). All

data are shown as mean + SEM.

IL-17A and F mediate glucose-induced T-cell effects
on mesothelial CX3CL1 expression

To test whether T-cell IL-17A and IL-17F were indeed responsi-
ble for the PD-induced increase in mesothelial cytokine produc-
tion, we cultured murine WT and Il17a~/~1l17f~~ splenocytes
with PD-range glucose during 4 days of ThO or Th17 polarization.

© 2020 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH

Mesothelial gene expression was analyzed after 24-h co-culture
with these cells in standard media (Fig. 7A).

WT splenocytes cultured in PD-range glucose strongly
increased mesothelial Cx3cl1, Ccl2, and Il6 expression (Fig. 7B—
D). CX3CL1 mRNA upregulation was completely abrogated if
M17a~~117f~~ splenocytes were used (Fig. 7B). Th17 polariz-
ing cytokines did not alter this downstream mesothelial effect of

www.eji-journal.eu

858017 SUOWWIOD A0 8|qedljdde aus Aq pausenob ae Sspiie YO ‘8sn Jo se|n. 10} Ariq1T8UlUO 8|1 UO (SUORIPUOD-pUR-SLIBY/LI0Y"AB | 1M AeIq U1 |UO//SdNY) SUORIPUOD pue Wi 1 8y} 885 *[9202/20/TT] Uo Ariqiaulluo A8|IM ‘UrZzIpeuwsTRlS AIUN-81RYD Aq E€/87020Z 1B/Z00T 0T/I0p/WoD A8 | ImAreiq1juljuo//sdny Wwo.j papeojumod ‘Z ‘T202 ‘THTYTZST



Eur. J. Immunol. 2021. 51: 354-367

PD-range glucose during T-cell differentiation. Results for CX3CL1
protein secretion were very similar (Fig. 7E). These data demon-
strate a mechanistic role of T-cell IL-17A and IL-17F in CX3CL1
regulation in peritoneal mesothelial cells.

Induction of mesothelial genes was replicated if washing
for T cell removal was replaced by flow cytometric mesothelial
cell sorting (Supporting Information Fig. S9). No effects were
observed for gene expression of pro-fibrotic TGF-p1 and ECM pro-
tein collagen 1 (Collal), similar to the results after direct recom-
binant cytokine stimulation (Supporting Information Fig. S7D and
E). T-cell IL-17A and IL-17F deficiency did not significantly alter
the effect of T-cell differentiated in PD-range glucose on CCL2 or
IL-6 mRNA expression (Fig. 7C and D). We therefore investigated
IL-21, IL-22, and TNF-a as other Th17 signature cytokines. All
three were induced by PD-range glucose to similar levels in
WT and Il117a~~1l17f7~ splenocytes (Supporting Information
Fig. S10). These cytokines constitute additional proinflammatory
mediators excreted by T cells cultured in PD-range glucose.

In summary, these data delineate IL-17A and IL-17F as respon-
sible cytokines for CX3CL1 induction in the mesothelium in
response to T cells stimulated in hypertonic glucose.

PD-range glucose-induced T cell effects on
mesothelial CX3CL1 expression require ROS

To investigate whether T-cell ROS generation was required for
their detrimental action on the mesothelium, T-cells cultured for
4 days in ThO conditions, but with PD-range glucose in the pres-
ence or absence of ROS scavenger NAC were added to mesothelial
cells. Mesothelial cell chemokine expression was measured after
24-h co-culture in standard media (Fig. 7F). Indeed, induction of
mesothelial Cx3cl1, Ccl2, and 116 was significantly lower if T cells
had been incubated with an ROS scavenger during differentiation
(Fig. 7G).

This demonstrates that ROS are required for differentiation
of mesothelium-activating T cells in the presence of PD-range
glucose.

Discussion

Our data determine glucose concentrations used for PD as novel
inducers of T-cell IL-17 production and show that ROS released
from damaged mitochondria are required in this process.

Our experiments show that PD-range D-glucose is sufficient
to induce Th17 polarization. This was independent of additional
cytokines, consistent with relevance of this finding to an environ-
ment without other inflammatory stimuli, such as the peritoneal
cavity during PD. Th17 polarization was equally observed with L-
glucose, the metabolically inactive stereoisomer of D-glucose and
D-mannose, another hexose sugar. Expression of tonicity sensor
NFAT5 was induced by all tested sugars. Thus, our results extend
the range of hypertonic agents that enhance Th17 polarization
[22-24] to hexoses including glucose at a concentration approved
for long-term daily clinical use in humans.

© 2020 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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In our experiments, hypertonic hexose sugars induced mito-
chondrial dysfunction. We show that mitochondrial ROS are
instrumental for induction of IL-17 production. Inhibition of mito-
chondrial ROS in PD-range glucose concentrations was similarly
effective in murine and human cells. As a possible mechanism,
ROS were shown to directly enhance NFAT5 protein transcrip-
tional activity [35], likely constitutes in a cooperative action
together with other factors such as DNA damage [36]. Our data
shed a new light on the role of ROS in T-cell differentiation; the
unselective ROS scavenger NAC and even more a blocker of mito-
chondrial ROS effectively prevented PD-range glucose-induced
Th17 generation. This agrees with recent data on Th17 regulation
during an oral glucose load in vivo and in glucose levels below the
PD-range in vitro [18], while results in isolated CD4*" T cells in a
normal glucose medium show that ROS rather impaired gener-
ation of Th17 cells [14, 37]. Our present results complement a
recent publication showing that mitochondrial leakage enhanced
Th17 differentiation in specific calcium channel deficient mice
[38] and further support the central role of mitochondrial func-
tion in T-cell differentiation [33, 39]. Regarding its pathophysi-
ologic role, we found that ROS scavenging during T-cell culture
in PD-range glucose effectively prevented subsequent mesothe-
lial activation. Our data thereby provide a mechanism how NAC
improved experimental PD-fluid-induced peritoneal fibrosis [40].

In human peritoneal lavages, we found relatively more CD3™
T cells in long-term PD patients than in incipient therapy. T cells
with characteristics of effector cells and IL-17 producers were
clearly detectable in agreement with others [1, 41], consistent
with clinical relevance. Downstream, Th17 signature cytokines
IL-17A and IL-17F both directly stimulated peritoneal mesothelial
cell cytokine expression. This agrees with effects in other cell
types such as renal tubular epithelium and endothelium [42].
T cells differentiated in PD-range glucose induced mesothelial
CX3CL1 IL-17 dependently, delineating a direct pathophysiologic
function of IL-17 in peritoneal inflammation. This is supported
by the correlation of CX3CL1 with peritoneal IL-17A in vivo in
humans receiving PD. An association of IL-17 with peritoneal
fibrosis has been reported [8, 9], but was not reflected by direct
stimulation of peritoneal mesothelial TgfbI or Collal production
by IL-17 in our experimental system. Our data rather suggest
mesothelial pro-inflammatory cytokines as intermediate media-
tors of peritoneal fibrosis [12]. Along the same lines, they also
propose that a recently published observation of mesothelial
fibrotic mediator expression in PD in vivo but not upon direct
mesothelial PD solution exposure in vitro [19] may be mechanis-
tically related to PD-range glucose-mediated Th17 differentiation,
possibly in conjunction with activation of latent TGFB [18], as an
upstream regulator of mesothelial activation in PD.

Mitochondrial function in the peritoneal cavity and in PD
patients has not previously been reported. Our data demonstrate
that PD-range glucose can induce mitochondrial dysfunction in
T cells. Further studies should address its effect on mitochon-
drial function in other peritoneal cells, namely mesothelium
and macrophages, but also other T-cell subtypes with currently
incompletely defined roles in peritoneal fibrosis. They will also
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need to determine extent and dynamics to mitochondrial reactive
oxygen generation in PD conditions. Indeed, hypertonicity can
disrupt mitochondrial function also in macrophages, resulting
in enhanced IL-18 production [20]. Others and we demon-
strated enhanced peritoneal IL-1f in murine PD models [11,
12], which, in addition to direct pathophysiologic effects, may
further enhance T cell IL-17 production in PD and indeed, our
data suggest that other cell types significantly promote enhanced
IL-17 production in a PD-range glucose environment. Hyper-
tonicity markedly affects mitochondrial architecture in plants
[43]. Further studies, including prospectively collected peritoneal
membrane samples for EM studies, are needed to evaluate this in
PD patients.

Our results show that enhanced Th1l7 polarization by PD-
range glucose is a substance independent and tonicity-dependent
process, making it very unlikely that another osmotic agent will
constitute a fully biocompatible PD solution [5]. On the other
hand, they delineate downstream immunologic mechanisms of
action of the hypertonic fluid. For some of them, such as IL-17A,
specific antagonists are approved for clinical use. This does not
abolish the challenges of long-term use and sheer volume of
PD dialysates for any agent of peritoneal protection in PD [6].
However, oral supplementation with the ROS scavenger NAC
decreased IL-17-related IL-6 levels in plasma of PD patients in
a controlled study [44]. While no active clinical trials with this
substance are registered at this point, our data provide a mech-
anism to these observations and may encourage further research
of clinical outcomes, possibly with timed application after inflam-
matory events such as peritonitis episodes. Approaches to directly
mitigate tonic stress have been tested in others areas, including
the renal medulla and plant science [43, 45, 46]. In PD, they will
need to take into account the undulating nature of PD-induced
hypertonicity.

In conclusion, elevated tonicity as used therapeutically in PD
solutions induces T-cell IL-17A production via leakage of mito-
chondrial ROS. IL-17 promotes CX3CL1 expression in peritoneal
mesothelium contributing to a pro-inflammatory and pro-fibrotic
state inside the peritoneal cavity during PD.

Materials and methods
Mice

WT C57Bl/6 and Il117a~-1117f”~ [47] mice were genotyped by
PCR and kept in specific pathogen-free conditions.

Splenocyte culture and Th17 polarization

For assessment of T-cell polarization, splenic single cell sus-
pensions, CD4*t-enriched T cells (CD4" T Cell Isolation Kit
mouse; Miltenyi, Bergisch Gladbach, Germany) or naive T cells
(MojoSort Mouse CD4 Naive T Cell Isolation Kit; Biolegend, San

© 2020 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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Diego, CA) were used. Glucose concentrations were calculated as
follows: for preparation of a stock solution in Iscove’s Modified
Dulbecco’s media with GlutaMax (IMDM, 25 mM Glucose; Gibco,
Thermo Fisher Scientific, Waltham, MA), 236 mM D-glucose
or L-glucose dry substance (Sigma-Aldrich, St. Louis, MO) was
added, and this media was added at a 1:1 ratio to standard
full IMDM to reach a final concentration of 140 mM taking
into account 1% penicillin/streptomycin and 10% FCS (PAN
Biotech, Aidenbach, Germany) added after sterile filtration
(FiltropurS0.2; Sarstedt, Niimbrecht, Germany). For 50 and
80 mM final glucose, 16% and 25% were added, respectively.
For preparation of stock solutions in Roswell Park Memorial
Institute media (RPMI, 0 mM glucose), D-glucose, L-glucose, or
D-mannose dry substances were added before sterile filtration to
reach a concentration of 10 mM or 270 mM hexose in the full
medium containing 1% penicillin/streptomycin and 10% FCS.
The cells were seeded in RPMI with 10 mmol D-glucose and the
following were added at a 1:1 ratio: for 5 mM D-glucose: media
without glucose. For 140 mM total hexose, either T-cell culture
was on anti-CD28 (21 ng/cm?) and anti-CD3 (212 ng/cm?)
mAB (Biolegend) for 4 days. For Th17 polarization, recombinant
TGF-B1 (2 ng/mL), IL-6 (50 ng/mL; both Biolegend), IL-1f (50
ng/mL; PeproTech GmbH, Hamburg, Germany), and 5 pg/mL
anti-IL-4 (11B11) and anti-IFN-y (XMG1.2, both Biolegend) were
added. D-glucose, L-glucose, D-mannose, NAC, and MitoTEMPO
(((2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)-2-

oxoethyl)triphenylphosphonium chloride) (all from Sigma-
Aldrich) were added in the indicated concentrations. For determi-
nation of cell proliferation, cells were stained with carboxyfluores-
cein succinimidyl ester (Invitrogen, Carlsbad, CA) prior to culture.

Peritoneal mesothelial cell culture

A murine peritoneal mesothelial cell line previously generated in
our laboratory was cultured as described [12] by adding 50% of
a 4.25% PD solution (CAPD/DPCA3, Stay-safe; Fresenius Medical
Care, Bad Homburg, Germany) to the full culture medium for 8 h
or 24 h as indicated. Stimulation with recombinant murine IL-17A
or IL-17F (R&D Systems, Minneapolis, MN) was for 2-24 h at the
indicated concentrations.

Mesothelial cell co-culture with splenocytes

ThO- or Thl7-polarized splenocytes were added to mesothe-
lial cells (75% confluency) at 5 x 10° per 24 well or 2.5 x
10° per six well for 24 h. Cell counts were assessed using an
automated analyzer (VetABC; ScilVet, Viernheim, Germany). Co-
cultures were performed in full RPMI. Before mesothelial cell
analysis, splenocytes were removed by washing twice with ster-
ile PBS (Lonza, Basel, Switzerland) or by sorting mesothelial cells
as live CD11b~CD45~ cells on a FACSAriall (Becton Dickinson,
Franklin Lakes, NJ) as indicated.
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Human peritoneal dialysate cytokines and leukocytes

Peritoneal IL-17A and serum CX3CL1 concentrations were mea-
sured in 13 stable PD outpatients with 6 months and less dialysis
vintage [12]. Age was 53 =+ 4 years, 73% female, time on renal
replacement therapy 2.4 + 0.5 months, leukocytes 6.3 &+ 0.6 x
103/uL, CRP 9.6 + 3.5 mg/L, weekly Kt/V 2.2 4 0.3. Peritoneal
leukocytes were assessed in peritoneal lavages obtained during
PD catheter implantation (n = 6, 47 + 8 years, 50% female, leuko-
cytes 7.5 + 2 x 10%/pL, CRP 6.7 + 3 mg/L) and in PD inpa-
tients without peritonitis (n = 7, 54 & 10 years, 30% female, time
on renal replacement therapy 18 + 7 months, leukocytes 7.6 +
1.5 x 103/uL, CRP 28 + 22 mg/L) immediately after drainage.
Peripheral blood mononuclear cells (PBMCs) were recovered from
anonymized buffy coats obtained as a waste product from the
local blood donor service by density gradient centrifugation using
Biocoll 1.077 (Biochrom, Berlin, Germany).

Flow cytometry

Flow cytometry was conducted in accordance with the current
guidelines [48]. For flow cytometric assessment of IL-17A produc-
tion, cells were restimulated with 10 ng/mL phorbol 12-myristate
13-acetate (PMA; Sigma-Aldrich) and 500 ng/mL ionomycin
(Sigma-Aldrich) for 5 h. GolgiStop (BD Biosciences) was added
to block cytokine export for the last 2 h of the stimulation.

The following antibodies were used: anti-mouse: anti-CD4
(GK1.5), anti-CD11b (M1/70), anti-CD45 (104), anti-TCRB
(H57-597), anti-IL-17A (TC11-18H10.1), anti-IL-17RA (PAJ-
17R) (Biolegend and eBiosciences, San Diego, CA, USA), anti-
RORyt (Q31-378; BD Pharmingen), anti-human: anti-CD11b
(M1/70, ICRF44), anti-CD3 (UCHT1; both Biolegend). For
intracellular IL-17A staining, cells were permeabilized using
Fixation/Permeabilization Solution Kit (BD Biosciences), or
FoxP3/Transcription Factor Staining Buffer Set (Invitrogen).
Near-infrared LIVE/DEAD® Fixable Dead Cell Stain Kit (Invitro-
gen), MitoTracker® Green FM (for staining of total mitochon-
dria), and MitroTracker Red CMXRos (for staining of respiring
mitochondria; both from Molecular Probes®, Invitrogen detec-
tion technologies, Eugene, OR) were applied according to manu-
facturers’ instructions. Flow cytometry analysis was performed on
a Becton-Dickinson FACS Canto (BD Biosciences). Data were ana-
lyzed using FlowJo software (Tree Star Inc., Ashland, OR). The
patient samples were processed at the day of the cell harvest.

RNA isolation and real-time PCR

RNA was isolated using NucleoSpin RNA Plus Kit (Macherey-
Nagel, Duren, Germany) and RNA yield and purity were
determined with a Colibri Microvolume Spectrometer (Titertek-
Berthold, Pforzheim, Germany). After RT (M-MLV-RT; Promega,
Mannheim, Germany), real-time PCR was performed on a Light-
Cycler®96 using SYBR-Green (FastStart Taq DNA Polymerase
dNTPack, Roche, Grenzach-Wyhlen, Germany). Primer sequences

© 2020 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH
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are listed in the supplement. Hprt was used as reference gene.
Data were normalized to controls as indicated. Products were
confirmed by melting peak analysis and gel electrophoresis. Data
were analyzed using LinRegPCR software.

Immunofluorescence and confocal microscopy

For immunofluorescence staining, mesothelial cells were cultured
on glass cover slips and stimulated with 10 ng/mL IL-17A (R&D
Systems) for 8 h. Cells were fixed with 4% PFA and stained with
polyclonal rabbit anti-mouse CX3CL1 (Abcam, Cambridge, UK)
and AF555 donkey anti-rabbit IgG (Life technologies, Thermo
Fisher Scientific). Confocal images were obtained with a Leica
DM IRB microscope with a TCS SP2 AOBS scan head with 63x
original magnification using Leica confocal software version 2.61
(Leica, Wetzlar, Germany).

Solid phase and beads ELISA

Mouse CX3CL1, human IL-17A, and human CX3CL1 Quantikine
enzyme-linked immunosorbent assays (R&D Systems) were per-
formed according to manufacturer’s instructions. Cell culture
supernatants were analyzed using Cytometric Bead Array mouse
Th1/Th2/Th17 cytokine kit (BD biosciences) according to manu-
facturer’s instructions. All patient samples were processed at the
same time.

Assessment of glucose and lactate concentrations

Glucose and lactate concentrations in cell culture supernatants
were determined using a Biosen C-line Analyzer (EKF diagnos-
tics GmbH, Barleben, Germany) according to manufacturer’s
instructions. In order to determine glucose consumption, residual
glucose was subtracted from initial media content. Glucose
consumption and lactate production per 10° cells was calculated
using lactate, glucose, and cell concentrations.

Analysis of human peritoneal dialysate single cell
RNA sequencing data

Peritoneal dialysate single-cell data from n = 6 PD patients (GEO-
ID: GSE130888) [19] was preprocessed with Scanpy (version
1.4.4) [49]. Cells were excluded if they expressed less than 200
genes or more than 30% of the expressed genes were mitochon-
drial genes. Genes were analyzed further if detected in three or
more cells. The data were normalized using Scran (version 0.6.1)
to produce cell-specific size factors and further log-transformed
(natural log) with an offset of one. Subsequently, a batch cor-
rection was performed using ComBat (Scanpy package). The
Louvain-algorithm (version 0.6.1) was employed for clustering
analysis (number of neighbors for the underlying neighbor graph:
20). The marker genes per cluster were obtained by using a
Wilcox’s rank-sum test and compared with known marker genes

www.eji-journal.eu

365

858017 SUOWWIOD 8AIIeID 8|qedljdde aus Aq pausenob ae sspiie YO ‘8sn Jo se|n. 10} Ariq1T8UlUO 8|1 UO (SUORIPUOD-pUR-SLIBY/LIY"AB | 1M AeIq U1 |UO//SdNY) SUORIPUOD pue Wi 1 8y} 885 *[9202/20/TT] Uo Ariqiaulluo A8|IM ‘UrZzIpewsTRIS AIUN-81RYD Aq E£/87020Z 1B/Z00T 0T/I0P/W0d A8 | ImAreiq1juluo//sdny Wwo. papeojumod ‘Z ‘T202 ‘THTFTZST



. 366

Alexandra Helmke et al.

to identify underlying cell types. If multiple clusters for one cell
type were found, they were merged for further analysis. From the
resulting 51 887 cells, 13 198 were classified as T cells. Clusters
were visualized with UMAP (version 0.3.10) and either colored
by cell type or color gradient to represent the log-transformed
expression of the marker genes.

Statistics

If two conditions were compared, unpaired Student’s t-test or
unpaired t-test with Welch’s correction for samples with unequal
variance was performed. If more than two conditions were com-
pared, Dunnett’s or Bonferroni’s multiple comparison test after
one-way ANOVA were performed as indicated. Data are displayed
as mean + SEM. p Values below 0.05 were considered significant
and are indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001.

Study approval

Animal use was approved by Landesamt fiir Verbraucherschutz
und Lebensmittelsicherheit (33.19-42502-04-16/2117, Lower
Saxony, Germany). Human samples were collected after written
informed consent according to the declaration of Helsinki and
local ethics board approval (Hannover Medical School 2010/807,
2014/6617).
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