1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell Rep. Author manuscript; available in PMC 2017 November 07.

-, HHS Public Access
«

Published in final edited form as:
Cell Rep. 2017 October 24; 21(4): 1009-1020. doi:10.1016/j.celrep.2017.10.002.

Dendritic Cell Amiloride-Sensitive Channels Mediate Sodium-
Induced Inflammation and Hypertension

Natalia R. Barbarol4, Jason D. Foss1#, Dmytro O. Kryshtall, Nikita Tsybal, Shivani
Kumaresanl, Liang Xiaol, Raymond L. Mernaugh3, Hana A. Itanil, Roxana Loperena?, Wei
Chenl, Sergey Dikalovl, Jens M. Titzel, Bjorn C. Knollmannl, David G. Harrison1:2, and
Annet Kirabo1:2:5.6.*

1Division of Clinical Pharmacology, Department of Medicine, Vanderbilt University Medical Center,
Nashville, TN, USA

2Department of Molecular Physiology and Biophysics, Vanderbilt University, Nashville, TN, USA

3Department of Biochemistry, Vanderbilt University, Nashville, TN, USA

SUMMARY

Sodium accumulates in the interstitium and promotes inflammation through poorly defined
mechanisms. We describe a pathway by which sodium enters dendritic cells (DCs) through
amiloride-sensitive channels including the alpha and gamma subunits of the epithelial sodium
channel and the sodium hydrogen exchanger 1. This leads to calcium influx via the sodium
calcium exchanger, activation of protein kinase C (PKC), phosphorylation of p47°/10X and
association of p47P79X with gp91#/19X. The assembled NADPH oxidase produces superoxide with
subsequent formation of immunogenic isolevuglandin (IsoLG)-protein adducts. DCs activated by
excess sodium produce increased interleukin-1p (IL-1p) and promote T cell production of
cytokines IL-17A and interferon gamma (IFN-y). When adoptively transferred into naive mice,
these DCs prime hypertension in response to a sub-pressor dose of angiotensin 11. These findings
provide a mechanistic link between salt, inflammation, and hypertension involving increased
oxidative stress and IsoLG production in DCs.
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“Hypertension

Barbaro et al. describe a pathway by which increased extracellular sodium activates dendritic cells.
This pathway potentially explains the link between excessive salt intake, inflammation, and high
blood pressure.

INTRODUCTION

Hypertension affects over 1 billion people worldwide and is a major risk factor for death and
disability (Kearney et al., 2005; Murray and Lopez, 2013). The etiology of most cases of
hypertension is unknown and a large portion of hypertensive patients has elevated blood
pressure despite extensive drug therapy (Benjamin et al., 2017). Over the past several years,
it has become increasingly clear that inflammation contributes to the genesis of
hypertension. Our laboratory and others have shown that cells of both the adaptive and
innate immune systems contribute to this disease (McMaster et al., 2015). In particular, T
cells with an effector phenotype infiltrate the kidneys and perivascular space in response to
hypertensive stimuli, release inflammatory cytokines, and promote renal and vascular
dysfunction leading to elevated blood pressure (Guzik et al., 2007; Madhur et al., 2010).
Deletion of the recombinase-activating gene 1 lowers blood pressure and prevents renal
injury in rats with salt-sensitive hypertension (Mattson et al., 2013). Humans with
hypertension have increased numbers of circulating activated CD8" T cells with a senescent
phenotype (Youn et al., 2013), and interleukin-17A (IL-17A)-producing CD4* T cells are
increased in the circulation of humans with hypertension (Itani et al., 2016).

Another factor that contributes to the pathogenesis of hypertension is salt (NaCl). Dietary
salt intake is positively correlated with blood pressure, and reductions in salt intake reduce
blood pressure and cardiovascular events (Ha, 2014). The mechanisms underlying the
relationship between salt and hypertension are not fully understood. Recent work by Titze
and colleagues has shown that changes in extra-renal sodium handling can cause
accumulation of sodium in the interstitium at levels that exceed that of plasma (Kopp et al.,
2013; Machnik et al., 2009; Titze and Machnik, 2010). Using 23Na MRI, these investigators

Cell Rep. Author manuscript; available in PMC 2017 November 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barbaro et al.

RESULTS

Page 3

showed that blood pressure in humans is positively correlated with both skin and muscle
sodium content (Kopp et al., 2013). Recent evidence suggests that these high sodium
concentrations can alter immune cell function. Exposure of either mouse macrophages or T
cells to high NaCl concentration drives them toward a pro-inflammatory state (Binger et al.,
2015; Jantsch et al., 2015; Jorg et al., 2016; Kleinewietfeld et al., 2013; Wu et al., 2013;
Zhang et al., 2015). Specifically, elevation of extracellular NaCl promotes production of
IL-17A by T cells and salt feeding exacerbates experimental allergic encephalitis, a disease
driven by this cytokine. Moreover, high-salt feeding in humans has been linked to increased
monocyte numbers and increased plasma IL-23, which, in turn, can sustain IL-17 production
by T cells (Yi et al., 2015). Of note, mice lacking IL-17A are partly protected from
hypertension, and IL-17A can promote both renal and vascular dysfunction, leading to blood
pressure elevation (Chiasson et al., 2011; Madhur et al., 2010; Nguyen et al., 2013).

T cells are activated when antigen-presenting cells, such as dendritic cells (DCs),
macrophages, and B cells present antigens recognized by the T cell receptor. We recently
elucidated a pathway by which DCs become activated and promote hypertension. We found
that experimental hypertension is associated with an increase in NADPH-oxidase-dependent
superoxide production in DCs, which leads to formation of highly reactive -y-ketoaldehydes,
also known as isoketals or isolevuglandins (IsoLGs) (Kirabo et al., 2014). These rapidly
adduct to self-proteins that are processed and presented as neoantigens by DCs, promoting
an autoimmune-like state leading to renal and vascular dysfunction and hypertension.
Moreover, DCs that accumulate 1soLGs produce large amounts of I1L-6, IL-1p, and IL-23,
which are known to promote differentiation of naive T cells into pro-inflammatory and pro-
hypertensive IL-17A-producing cells (Madhur et al., 2010; Mills, 2008). In the present
studies, we show that excessive salt promotes DC activation via increased superoxide
production and I1soLG-protein adduct formation. This is due to increased activation of the
NADPH oxidase, which is mediated by Ca?*/PKC-dependent phosphorylation of p472/x,

High Salt Activates the NADPH Oxidase in DCs, Leading to Increased Superoxide
Production through an Amiloride-Inhibitable Sodium Channel and Sodium-Calcium

Exchanger

A predominant source of reactive oxygen species in phagocytic cells like DCs is the
NADPH oxidase. We recently found that long-term angiotensin Il infusion in mice increases
NADPH-oxidase-dependent superoxide production in DCs resulting in the formation of
immunogenic I1soLGs (Kirabo et al., 2014). To determine whether high salt affects the DC
NADPH oxidase, we isolated splenic DCs from mice and cultured them for 24 hr in either
normal-salt (150 mM NaCl) or high-salt media (190 mM NaCl). Exposure to the high-salt
media markedly increased DC superoxide production as measured by electron spin
resonance (ESR). Co-incubation with the peptide gp91 ds-tat, a competitive inhibitor of
NADPH oxidase assembly, prevented the high-salt-induced production of superoxide
(Figures 1A and 1B). In addition, we found that increasing extracellular NaCl from 150 to
190 mM increased intracellular sodium as measured by flow cytometry using sodium green
(Figures 1C and 1D).
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To explore potential mechanisms by which sodium might enter DCs, we initially performed
real-time RT-PCR for several known sodium transporters. This revealed mRNA expression
of the sodium-potassium chloride cotransporter-1 (NKCCZ1), sodium hydrogen exchangers
(NHE1 and NHES®), the sodium-chloride cotransporter (NCC), the sodium-calcium
exchangers (NCX1 and NCX2), and the epithelial sodium channel (ENaC, a and y
subunits). The B subunit of ENaC was not present (data not shown). High salt did not
significantly affect the amount of message observed for any transporter (Figure 1E).

To determine which of the sodium transporters facilitate the high-salt-induced activation of
the NADPH oxidase, we pre-incubated mouse DCs with various inhibitors of these
transporters and used phosphorylation of p47779X as an indicator of NADPH oxidase
activation. Compared to normal salt, high salt markedly increased phosphorylation of
p47Phox a5 determined by western blot. While inhibition of NKCC with furosemide and
NCC with hydrochlorothiazide did not have any effect, amiloride, which inhibits both ENaC
and NHE, and KB-R7943 mesylate, a selective reverse mode NCX inhibitor, completely
prevented the high-salt-induced phosphorylation of p47279X (Figure 1F). These results
suggest that the effects of salt on DCs leading to phosphorylation of p47P7/19X require activity
of both NCX and an amiloride-inhibitable sodium channel such as either ENaC or NHE.

In additional experiments, we confirmed by western blot that both the alpha and gamma
subunits of ENaC are indeed expressed by DCs (Figure 1G), while the beta subunit is not
(data not shown). A key step in assembly of the NADPH oxidase is movement of p47°7/10% to
the membrane and its docking to gp91#7%X, To determine whether high salt causes assembly
of the NADPH oxidase and whether this is mediated via ENaC, we immunoprecipitated
gp91PM10x and performed western blots for associated p47719X, We found that compared to
normal salt, high salt induced a striking association of p47°779X with gp912/19X and that this
was prevented by co-incubation with amiloride and benzamil (Figure 1H). Since both
amiloride and benzamil can also inhibit NHE, we used cariporide, a selective inhibitor of
NHE and found that it also prevented the high-salt-induced association of p47°779X with
gp91PoX (Figure 11).

To confirm the specific involvement of ENaC in mediating the high-salt-induced activation
of NADPH oxidase, we used small interfering RNA (siRNA) to specifically silence
expression of a-ENaC in DCs. As shown in Figure 1J, this approach resulted in a marked
reduction of a-ENaC expression in DCs and prevented association of p47°70X with gp912/10x
(Figure 1K). Similarly, we achieved a marked siRNA-mediated knockdown of NHE1
(Figure 1L), and this also prevented association of p4779X with gp91#7%% (Figure 1M).
Collectively, these results suggest that elevated sodium concentrations drive NADPH-
oxidase-dependent superoxide production, and this is mediated through both ENaC and
NHE.

The Salt-Induced Activation of the NADPH Oxidase in DCs Is Calcium and PKC Dependent

The NADPH oxidase subunit p47779X s phosphorylated by calcium-sensitive isoforms of
protein kinase C (PKC) (Garcia et al., 1992; Papini et al., 1985). Since KB-R7943 mesylate,
a selective reverse mode NCX inhibitor prevented the high-salt-induced phosphorylation of
p47Phox (Figure 1F), we hypothesized that excess sodium would lead to calcium influx and
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activation of PKC leading to activation of the NADPH oxidase. Using co-
immunoprecipitation, we found that co-incubation with the selective cell permeant calcium
chelator 1,2-bis(o-aminophenoxy) ethane-N,N,N’,N’-tetraacetic acid (BAPTA-AM) (Figure
2A) or the specific PKC inhibitor calphostin C (Figure 2B) prevented the salt-induced
association of p47779X with gp91#710X_|n additional experiments, we monitored intracellular
Ca?* using fluorescence photometry (lonOptix) and found that 15 min of exposure to high
salt leads to a marked increase in intracellular calcium (Figures 2C and 2D). Inhibition of
the NCX using nickel chloride (NiCl,) prevented the salt-induced calcium increase in DCs
(Figure 2D). In additional studies, we found that co-treatment with amiloride prevents the
high-salt-induced Ca2* influx (Figure 2E). These results indicate that high-salt exposure
induces assembly of NADPH oxidase in DCs and that this is dependent on calcium entry via
the NCX and PKC signaling.

High-Salt Exposure Activates DCs via Increased Production of Immunogenic IsoLGs

We have previously found that increased superoxide production in DCs is associated with
DC activation and the accumulation of IsoLG-protein adducts (Kirabo et al., 2014).
Therefore, we cultured mouse splenocytes in normal-salt media (150 mM NacCl), high-salt
media (190 mM NacCl), or normal-salt media with mannitol (80 mM) added as an osmotic
control for 24 hr and performed flow cytometry using a previously described gating strategy
(Figure 3A), which discriminates macrophages from DCs (Jakubzick et al., 2013).
Intracellular staining was performed with the single-chain antibody, D11 ScFv, which
identifies IsoLG-protein adducts independent of the amino acid backbone (Figures 3B—3E)
(Davies et al., 2004). We found that exposure to high salt but not mannitol increases IsoLG-
adduct formation in DCs and macrophages (Figures 3B and 3C).

When DCs present antigens, they undergo a maturation process associated with increased
expression of co-stimulatory molecules such as the B7 ligands CD80 and CD86, which we
have shown to be essential for hypertension (Vinh et al., 2010). Using flow cytometry, we
found that exposure to high salt, but not mannitol, increased surface expression of CD86 in
DCs (Figure 3D). Likewise, macrophages had increased expression of CD86 in response to
high salt but not mannitol (Figure 3E). Expression of CD80 was not different between
treatment groups in both DCs (Figure 3F) and macrophages (Figure 3G).

To determine whether the high-salt-induced IsoLG formation is dependent on the NADPH
oxidase, we created mice that lack the p22P"°% docking subunit of this enzyme complex in
CD11c* cells (tgCPLic-crejppophoxloxp/loxp) \we ysed littermates with loxP sites but no Cre
recombinase as controls (p22phox!xP/1oxPy DCs isolated from these two strains of mice
were cultured for 24 hr in either normal salt or high salt, and flow cytometry was performed
to determine the presence of 1soLGs. As shown in Figures 3H and 3I, high salt caused an
increase in IsoLG-protein adducts in DCs from control mice, but DC-targeted deletion of
p22PoX prevented this salt-induced IsoLG formation. Collectively, these experiments
suggest that the high-salt-induced formation of superoxide and 1soLGs in DCs is NADPH
oxidase dependent.

An important aspect of DC activation is cytokine production. We isolated DCs from spleens
of mice, cultured them in normal or high-salt media, and measured a panel of cytokines
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using a Luminex-based assay. We found that high-salt exposure significantly increased DC
production of IL-1B (Figure 4A) and that there was a trend for an increase in IL-6 (Figure
4B) and tumor necrosis factor alpha (TNF-a) (Figure 4C). A complete panel of all the
cytokines measured is shown in Table S1. To determine whether ENaC plays a role in
activation of DCs leading to cytokine production, we co-incubated the DCs with amiloride
during salt exposure. We found that amiloride completely prevented the high-salt-induced
production of IL-1p (Figure 4D). These data collectively indicate that exposure to high salt
induces the formation of IsoLGs in both DCs and macrophages and causes activation of
these cells.

To determine whether IsoLG-adducted peptides are presented in the major
histocompatibility complexes (MHCs) of high-salt-exposed DCs, we eluted peptides from
the surface of DCs treated with normal salt or high salt and performed dot blots using the
D-11 antibody as shown in Figure 4E. While there was no significant difference in the total
amount of peptides eluted from normal and high-salt-treated DCs (Figure 4F), the peptides
obtained from high-salt-treated DCs were IsoLG adducted (Figure 4G), suggesting that salt-
activated DCs process and present IsoLG-adducted peptides to T cells in their MHCs. In
additional experiments, using flow cytometry and intracellular staining with the D11
antibody, we found that the high-salt-induced accumulation of 1soLGs in DCs in completely
prevented by co-treatment with amiloride (Figures 4H-4J).

Exposure of DCs to High Salt Induces Pro-hypertensive Cytokine Production in Primed T

Cells

To verify that DCs exposed to high salt had acquired the ability to activate and induce
cytokine production among T cells, we first cultured them in normal or high-salt media. We
then co-cultured these cells for 3 days with T cells isolated from mice in which salt-sensitive
hypertension had been induced as previously described (Itani et al., 2016) (Figure 5A). Flow
cytometry was performed to identify the CD4* and CD8* T cells subsets (Figure 5B). We
used fluorescence minus one (FMO) gating controls (Figures 5C, 5E, 5G, and 5I, top panels)
to determine intracellular staining for interferon (IFN)-y and IL-17A production among the
CD8" and CD4™ T cells in response to DCs exposed to normal salt (Figures 5C, 5E, 5G, and
51, middle panels) and high salt (Figures 5C, 5E, 5G, and 51, bottom panels). As evident in
Figures 5D, 5F, 5G, and 5J, DCs exposed to high salt were potent stimulators of IFN-y and
IL-17 production among both CD8* and CD4* T cells. However, DCs exposed to high salt
were not able to stimulate IFN-y and 1L-17 production from T cells that had not been
primed with salt-sensitive hypertension (Figure S1).

Salt-Activated DCs Sensitize Mice to a Normally Suppressor Dose of Angiotensin Il,
Leading to Hypertension

To determine whether salt-activated DCs can drive hypertension, mouse splenic DCs were
isolated and cultured for 24 hr in normal salt, high salt, or high salt plus the IsoLG scavenger
2-HOBA. These cells were then adoptively transferred into naive mice (1 x 108 DCs per
mouse) via intravenous injection. Radiotelemeters were implanted to measure blood
pressure and heart rate. Two weeks later, osmotic mini-pumps were implanted
subcutaneously to deliver a low dose of angiotensin 11 (140 mg/kg/hr). This experimental
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design is illustrated in Figure 6A. We found that the low dose of angiotensin Il caused no
increase in blood pressure in mice that received adoptive transfer of normal-salt-treated DCs;
however, low-dose angiotensin 11 caused a significant increase in systolic (Figure 6B),
diastolic (Figure 6C) and mean arterial pressure (Figure 6D), without affecting the heart rate
(Figure 6E) in mice that received adoptive transfer of DCs exposed to high salt. The
prohypertensive effect of high salt on DCs was prevented by scavenging of IsoLGs during
the 24-hr culture (Figures 6B and 6C). These results suggest that high-salt-activated DCs
prime mice to hypertension, and this is dependent on the formation of IsoLGs.

DISCUSSION

The current studies have identified a novel pathway by which excess sodium contributes to
inflammation and hypertension. Our results indicate that sodium entry into DCs is mediated
through an amiloride-inhibitable sodium channel leading to intracellular calcium influx via
the sodium-calcium exchanger and activation of PKC. PKC phosphorylates p47779X leading
to assembly of the NADPH oxidase enzyme, increased superoxide production and
immunogenic IsoLG formation in DCs. High-salt-treated DCs are activated as they have
increased expression of the B7 ligand CD86 and production of the inflammatory cytokine
IL-1B. When co-cultured with T cells, these DCs induce T cell production of pro-
hypertensive cytokines IL-17 and IFN-vy.

These studies are based on a new paradigm of salt balance that has emerged in recent years.
In 2009, Machnik and colleagues showed that high-salt feeding of rodents increases
interstitial concentrations of sodium in the skin to 190 mM without changing the plasma
concentrations (Machnik et al., 2009; Titze et al., 2004). Subsequent studies using 23Na MRI
showed that similar concentrations are reached in the skin and skeletal muscle interstitium of
humans with hypertension and during aging (Kopp et al., 2013). Moreover, a link has been
established between such high-salt concentrations and inflammation. Recent studies have
shown that exposure to high salt drives both T cells and macrophages toward an
inflammatory phenotype (Jorg et al., 2016; Kleinewietfeld et al., 2013; Zhang et al., 2015).
High-salt intake in humans is associated with increased numbers of circulating monocytes
and higher levels of inflammatory cytokines in the plasma (Yi et al., 2015).

A key finding of the present study is that increased superoxide production is critical for the
pro-inflammatory effects of high salt on DCs. While there are a number of possible sources
of superoxide in the DC, our studies show that the high-salt-mediated superoxide production
is dependent on the NADPH oxidase. The activity of NADPH oxidase is driven by assembly
of the cytosolic subunits p40P/19X, p47PhoX and p67PhoX with the membrane-bound subunits
p22Phox and gp91P19X. \When p47PM10x is phosphorylated, the cytosolic subunits assemble
with membrane components to form a functional enzyme complex. Our results suggest that
high salt regulates NADPH oxidase activity by stimulating phosphorylation of p47//1ox,
Phosphorylation of p4777°X is an obligatory step required for the assembly of the subunit
complex in the cytoplasm and subsequent translocation to cytochrome b558 (gp912/X and
p22Phox) at the cell membrane. We demonstrate for the first time that high salt induces
association of p47779X with gp91/719X_We previously showed that hypertension is associated
with increased superoxide production in DCs and with increased IsoLG-protein adduct
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formation (Dixon et al., 2017; Kirabo et al., 2014). Our current findings illustrate a novel
mechanism by which this process is stimulated by salt.

In the present studies, we focused on CD45*/MHC-11* cells that are CD11b*/CD11c*. These
are compatible with monocyte-derived DCs. We previously showed, while several subtypes
of DCs accumulate isoLG-adducts, this monocyte-derived population is most potently
affected in hypertension and indeed can prime hypertension following adoptive transfer
(Kirabo et al., 2014). In the present study, we also show salt stimulates isoLG formation in
splenic macrophages, which are a related cell type.

Importantly, we found that DCs express mRNA for a number of sodium channels including
the sodium-potassium 2-chloride cotransporter (NKCC2), the sodium hydrogen exchangers
NHEZ1 and NHES6, the NCC, the sodium-calcium exchangers (NCX1 and NCX2), and the
epithelial sodium channel (ENaC, a and y subunits). Inhibition of ENaC, NHE and NCX
prevented the high-salt-induced activation of the NADPH oxidase. Amiloride and other
ENaC inhibiting agents have been used clinically as diuretics for years. Our results suggest
that these agents may have previously unidentified effects of inhibiting DC activation and
ameliorating inflammation and have benefits beyond their natriuretic effects.

Interestingly, we found that DCs express only two subunits of ENaC (the a and y subunits
but not the B subunit). ENaC is normally expressed in the apical membrane of polarized
epithelial cells including the distal nephron, colon, and the airway epithelium. Its function is
best characterized in the distal nephron where it serves as the rate-limiting step for
reabsorption of sodium under the control of aldosterone and vasopressin. Activating
mutations of ENaC cause severe disturbances of Na* homeostasis leading to hypertension in
humans and in mouse models. In the kidney, ENaC is composed of three subunits including
the a, B, and y subunits. Although all these subunits are required to give maximal channel
activity, several studies have demonstrated that in Xenopus oocytes, a2y2 heterotetramers
conduct 10%-15% of the activity observed with all three subunits (Bonny et al., 1999;
Chang et al., 1996; Loffing et al., 2001; Rubera et al., 2003).

NCX can function in a forward mode, exchanging extracellular Na* for intracellular Ca2*, or
in reverse mode, depending on the Na* and Ca2* gradients across plasma membrane
(Annunziato et al., 2004). Under physiological conditions, the main function of NCX is to
extrude Ca2* from cells. However, in pathophysiological conditions such as ischemia and
early reperfusion, the higher intracellular Na* concentrations can cause the NCX to function
in reverse mode coupling Ca2* influx with Na* efflux (Imahashi et al., 2005; Kusuoka et al.,
1993; Mattiello et al., 1998). In the present studies, we found that sodium entry into DCs in
achieved through ENaC and NHE leading to increased intracellular Na*. This resulted in an
initial brief reduction, followed by a subsequent influx of intracellular Ca2* (Figures 2E and
2F), suggesting that, in the context of high-salt exposure, NCX in DCs switches from
operating in forward mode to operating in the reverse mode. Indeed, our results suggest that
the salt-mediated activation of the NADPH-oxidase is dependent on this intracellular Ca2*
influx as it was prevented by the cell permeant Ca2*-specific chelator, BAPTA, AM. The
upstream pathways leading to activation of the NADPH oxidase vary considerably. One such
pathway is phosphorylation of p477°X by Ca2*-dependent PKC isoforms. In keeping with
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this, the high-salt-induced activation of the NADPH oxidase was completely abolished by
PKC inhibition with calphostin C (20 nM, Figure 2D).

A notable finding is that salt promoted production of IL-1p by DCs. This is in keeping with
prior observations made by Shapiro and Dinarello, who showed that increased salt drives
production of this cytokine by peripheral blood mononuclear cells (Shapiro and Dinarello,
1997). Interestingly, Zhang et al. recently showed that IL-1p receptor blockade blunts
hypertension and salt retention by effects on NKCC2 in the nephron (Zhang et al., 2016).
IL-1B contributes to priming T cells for production of IL-17A, which mediates hypertension
and end-organ dysfunction (Madhur et al., 2010; Nguyen et al., 2013).

In conclusion, we have identified a previously unknown role of excess extracellular sodium
in activating antigen-presenting DCs via formation of IsoLGs, which, in turn, promote
hypertension. These findings provide insight into how elevated sodium microenvironments,
such as those found in the interstitium of hypertensive animals and humans can lead to an
inflammatory state and hypertension. Drugs that inhibit sodium entry into DCs may have
previously unknown antioxidant and anti-inflammatory properties.

EXPERIMENTAL PROCEDURES

Animals

Wild-type C57BL/6 mice were obtained from Jackson Laboratories. All experiments were
performed in male animals at approximately 3 months of age. Osmotic mini-pumps (Alzet,
Model 2002) were implanted for infusion of low-dose angiotensin Il (140 ng/kg/min) for 2
weeks. Blood pressure was monitored invasively using radio-telemetry as previously
described (Guzik et al., 2007; Kirabo et al., 2011a, 2011b). After telemetry implantation,
mice were allowed to recover for 10 days before osmotic mini-pumps were placed. Adoptive
transfer of DCs was accomplished by injection 1 x 108 DCs in 100 pL of sterile
physiological buffered saline via the retro-orbital vein in mice anesthetized with 2%
isoflurane. Angiotensin Il infusion was started 10 days after adoptive transfer of DCs. The
L-NAME high-salt protocol was performed as previously described (Itani et al., 2016).
Briefly, at 12 weeks of age, male mice were randomly selected to initially receive L-NAME
(0.5 mg/mL, Abcam 120136) in the drinking water for 2 weeks. This was followed by a 2-
week washout period when the mice were given regular water and chow ad libitum. The
mice were then fed a high-salt diet (4% NaCl, Teklad TD.92034) for 3 weeks. Mice were
sacrificed at the end of all experiments by CO, inhalation. All animal procedures were
approved by Vanderbilt University’s Institutional Animal Care and Use Committee, and the
mice were housed and cared for in accordance with the Guide for the Care and Use of
Laboratory Animals, US Department of Health and Human Services.

Splenocyte and DC Isolation and Culture

Mouse splenic DCs were isolated using magnetic-activated cell sorting (MACS). Mice were
euthanized with CO,, and spleens were removed and placed in spleen dissociation buffer in
C tubes (Miltenyi). Spleens were dissociated using homogenizer (Miltenyi) and incubated at
37°C for 15 min. Homogenate was then passed through a 40-uM cell strainer and washed
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with Dulbecco’s PBS (dPBS). For splenocyte experiments, this single-cell suspension was
then cultured for 24 hr in either control RPMI media (150 mmol/L Na*) or media containing
190 mmol/L Na*. To control for hyperosmolality, other cells were exposed to mannitol (190
mmol/L). For DC-specific experiments, DCs were then isolated from this single-cell
suspension using the CD11c isolation kit (Miltenyi). For T cell activation experiments, DCs
were cultured with T cells (Pan T Cell Isolation Kit Il, mouse, 130-095-130) isolated from
mice with repeated hypertensive stimuli challenges for 3 days.

Flow Cytometry

DCs were analyzed by flow cytometry using the following antibodies; PerCP-Cy5.5 anti-
CD45; Amcyan anti-CD45; PE-Cy7 anti-I-Ab; PerCP-Cy5.5 anti-CD11c; APC-Cy7 anti-
CD11b; PE anti MertK, and APC anti CD64 (Becton Dickinson). We used intracellular
staining with the single-chain antibody D-11 to detect IsoLG protein adducts. D-11 is a
single-chain antibody that was developed by phage display screening of literally millions of
single chains to identify one that reacts with isoLGs adducted to any peptide backbone
(Davies et al., 2004). The D11 ScFv antibody was labeled with a fluorochrome using the
APEXTM Alexa Fluor 488 Antibody Labeling kit (Invitrogen). The cells labeled with
surface antibodies were then fixed and permeabilized for intracellular detection of 1soLGs
using a cell permeabilization kit (Invitrogen). For T cell analysis, the following antibodies
were used: Brilliant Violet 510 (BV510)-conjugated anti-CD45 antibody (BioLegend),
peridinin chlorophyll proteincyanin-5.5 (PerCP-Cy5.5)-conjugated anti-CD3 antibody
(BioLegend), phycoerythrin-cyanin-7(PE-Cy7)-conjugated anti-CD8 antibody (BioLegend),
and allophycocyanin-Hilite-7 (APC-H7)-conjugated anti-CD4 antibody (BD Biosciences).
Intracellular staining for IL-17A and IFN-y were performed as previously described (Itani et
al., 2016; Kamat et al., 2015). Briefly, T cells were suspended in RPMI medium
supplemented with 5% FBS and stimulated with 2 pL of BD Leukocyte Activation Cocktail
(ionomycin and phorbol myristic acetate (PMA) along with the Golgi inhibitor, brefeldin A)
at 37°C for 5 hr. Surface staining was performed as described above followed by
intracellular staining using fluorescein isothiocyanate (FITC)-conjugated anti-IFN-y
antibody (eBioscience) or PE-conjugated anti-IL-17A. The cells were then washed 3 times
and immediately analyzed on a FACSCanto flow cytometer with DIVA software (Becton
Dickinson). Dead cells were eliminated from the analysis using 7-AAD (BD Pharmingen).
For each experiment, we gated on single live cells and used flow minus one (FMO) controls
for each fluorophore to establish the gates. Data analysis was done using FlowJo software
(Tree Star).

Weak Acid Elution of DC MHC-Associated Peptides

DCs were placed in citrate-phosphate buffer at pH 3.3 containing aprotinin and
iodoacetamide (1:100) to elute MHC-I-bound peptides. The peptides were then be passed
through ultrafiltration devices (Amicon Ultra; Millipore) to isolate peptides <5,000 Da and
to remove beta-2 microglobulin (82 m) proteins. The concentration of the peptides in the
resulting flow-through was determined using a nanodrop and analyzed by dot blot using the
D-11 antibody.
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ESR Measurements of Superoxide Production in DCs

DCs were isolated from the spleen of C57BL/6 mice and placed in the RPMI cell-culture
media in the presence of normal (140 mM) or high NaCl (190 mM) for 24 hr. Cells were
placed in 24-well plate with 2 million cells per well. Some cells were supplemented with
peptide gp91 ds-tat (50 uM, GenScript) which inhibits assembly of the NADPH oxidase
enzyme. After 24 hr, cells were resuspended and treated spin probe TMH (0.5 mM) and
chelating agent DTPA (0.1 mM) as we have previously described (Dikalov et al., 2011).
Following 30-min incubation, cells were transferred in a 1-mL insulin syringe and snap-
frozen in the liquid nitrogen. Then frozen cells were placed in the quartz Dewar with the
liquid nitrogen and analyzed by Bruker EMX ESR spectrometer. Accumulation of
superoxide-TMH nitroxide product was determined from the intensity of ESR signal using
standard calibration obtained with TEMPOL nitroxide. Superoxide specificity of ESR signal
was confirmed by inhibition with the NADPH oxidase inhibitor peptide gp91 ds-tat (Dikalov
etal., 2014).

Real-Time RT-PCR

Intracellular

The total RNA was extracted using QlAzolLysis Reagent (QIAGEN) according to
manufacturer’s instructions. The concentration and purity of the isolated RNA were
determined using UV spectrophotometry (DeNovix Spectrophotometer). Reverse
transcription was performed using TagMan Reverse Transcription Reagents (Life
Technologies) using 1 pg of total RNA. Real-time RT-PCR was performed using TagMan
Gene Expression Assays. Gene expression values were calculated based on the comparative
Ct normalized to the expression values of GAPDH mRNA and displayed as fold induction.
The PCR parameters were: an initial denaturation (one cycle at 95°C for 10 min);
denaturation at 95°C for 10 s, annealing and amplification at 60°C for 30 s for 40 cycles;
and a melting curve, 72°C, with the temperature gradually increasing (0.5°C) to 95°C.

Sodium Measurements

Intracellular Na* was measured with the sodium-sensitive fluorescent probe, sodium green
(Molecular Probes), using flow cytometry as described previously (Sugishita et al., 2001).
Briefly, cells were loaded with 5 pmol/L sodium green AM in HEPES solution for 60 min at
37°C. Loaded cells were then washed and incubated in dye-free HEPES solution for 10 min.
The cells were separated into aliquots and exposed to either normal (150 mM NaCl) or high
salt (190 mM NacCl) for 15 min. The cells were then immediately analyzed by flow
cytometry on a FACSCanto flow cytometer with DIVA software (Becton Dickinson). Dead
cells were eliminated from the analysis using 7-AAD (BD Pharmingen). Cells that were not
loaded with the sodium green fluorescent probe were used as controls to establish the gates.
Data analysis was done using FlowJo software (Tree Star).

Immunoblotting

Immunoprecipitation and western blot analysis were performed as previously described
(Sayeski et al., 1998). To determine phosphorylation of p47PhoX, protein sample was
extracted from the homogenates of isolated DCs and immunoprecipitated using p47°Phox
antibody (Millipore) followed by western blotting using phospho-p47Pho* antibody (Sigma).
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To investigate association of p47PNX with gp91Pho%, protein lysates from DCs were
immunoprecipitated using the gp91Pho* antibody (Becton Dickinson) followed by western
blotting using phospho-p47phox antibody (Millipore).

Ca2* Fluorescence Measurements

DCs were isolated as described above and rested overnight in RPMI media. The cells were
then loaded with membrane-permeable Ca2*-sensitive fluorescent indicator Fluo-4 AM.
Cells were incubated in Tyrode’s solution (in mM: NaCl 140, KCI 5.4, MgCl; 1, glucose 10,
HEPES 10), containing 1 mM Ca2*, 6.6 uM fluo-4 AM, and 0.16% Pluronic F127 for 20
min at room temperature to load indicator in the cytosol. Then the supernatant was removed,
and cells were washed in Tyrode’s solution, containing 1 mM Ca?*, twice for 15 min. After
that, the cells were placed into the experimental chamber superfused with 2 mM Ca2*
Tyrode’s solution. Intracellular Ca2* was measured using fluorescence photometry setup
(lonOptix). Ca2* fluorescence was first measured after 3-5 min in normal salt (140 mmol/L
Na*), and then solution was changed to high salt (190 mmol/L Na) and Ca2* fluorescence
was monitored in 3-min intervals for another 21-24 min. All experiments were conducted at
room temperature (~23°C). Intracellular Ca2* was analyzed using commercial software
(lonWizard; lonOptix). A total of 7-12 DCs from nine different animals were used.

siRNA Experiments

Inhibitors

Mouse splenic DCs were isolated using MACS. Four million cells were re-suspended in 1
mL of Accell siRNA delivery medium (GE Healthcare Dharmacon) supplemented with
2.5% FBS, 1 mM sodium pyruvate and 25 mM HEPES. Cells were incubated for 72 hr with
1 uM Acell SMART pool of siRNA targeting mouse NHE1 (S/c9al siRNA
[E-048336-00-0005], or Alpha ENaC (Scnnla[E-040678-00-0005] GE Healthcare
Dharmacon). ON-TARGETplus Non-targeting Control siRNA (D-001810-01-05) was used
as a negative control. Sodium chloride (40 mM) was added for additional 24 hr. The
knockdown levels of Alpha ENaC and NHE1 were analyzed by western blot.

Furosemide (20 uM Tocris Bioscience), hydrochlorothiazide (20 uM, Sigma), amiloride (20
UM, Tocris Bioscience), benzamil hydrochloride hydrate (10 uM, Sigma), KB-R7943
mesylate (2 nM, Tocris Bioscience), 1,2-bis(o-aminophenoxy) ethane-N,N,N’,N’-tetraacetic
acid (BAPTA, AM) (Tocris Bioscience), calphostin C (20 nM, Sigma), cariporide (10 uM,
Sigma), and nickel chloride (NiCl,) (10 mM, Sigma).

Statistical Analysis

All data are expressed as mean + SEM. Comparisons made between 2 variables were
performed using Student’s t tests. One-way ANOVA was used to compare 3 or more
independent groups with post hoc analysis Tukey’s post hoc test, while repeated-measures
ANOVA was used to compare changes in blood pressure over time. The level of significance
(a) accepted was less than 0.05.
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Highlights

Increased extracellular sodium is transported into DCs by amiloride-sensitive
channels

Sodium is exchanged for calcium, activating O, formation by the NADPH
oxidase

Enhanced O, in DCs leads to formation of isolevuglandin protein adducts

Salt-stimulated DCs produce pro-inflammatory cytokines and drive T cell
activation
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Figure 1. High Salt Activates the NADPH Oxidase in Dendritic Cells Leading to Increased
Superoxide Production through an Amiloride-Inhibitable Sodium Channel and Sodium-Calcium
Exchanger

Mouse splenic dendritic cells were isolated and cultured for 24 hr in either normal-salt (150
mM NacCl) or high-salt (190 mM NaCl) media with or without the NADPH oxidase
inhibitor, gp91ldstat. Superoxide production was then measured by electron spin resonance.
(A) Representative ESR signals showing the effect of high salt and gp91 ds-tat on dendritic
cell superoxide production.

(B) Average data showing the effect of high salt and gp91 ds-tat on dendritic cell superoxide
production.

(C) Flow cytometry representative histograms showing the effect of 15 min high-salt
exposure on intracellular sodium.

(D) Average data showing the effect of high salt on intracellular sodium.

(E) gRT-PCR of sodium transporters: sodium-potassium-chloride cotransporter-1 (NKCC1),
the sodium hydrogen exchangers (NHE1 and NHE®), the NCC, the sodium-calcium
exchangers (NCX1 and NCX2), and the epithelial sodium channel (ENaC, a and y subunits)
on dendritic cells treated with normal or high salt.

(F) Effect of sodium transporter inhibitors on phosphorylation of p47Phox,
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(G) Western blot showing presence of the ENaC, a and y subunits in dendritic cells treated
with normal or high salt.

(H) Effect of amiloride and benzamil on the high-salt-induced association of p47Ph°% and
gp9:|_ph0x_

(1) Effect of the Na*/H* exchange inhibitor cariporide on the high-salt-induced association
of p47PhoX and gp91Pox,

(J) Effect of a-ENaC targeted siRNA and non-targeting siRNA on expression of a-ENaC.
(K) Effect of knockdown of a-ENaC on association of p47PhoX with gp91Pox,

(L) Effect of NHEL targeted siRNA and non-targeting siRNA on expression of NHE1.
(M) Effect of siRNA-mediated knockdown of NHE1 on the association of p47PhoX with
gp91POX (n = 5-6, *p < 0.05, **p < 0.01 versus normal-salt control, expressed as mean +
SEM).
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Figure 2. Salt-Induced Activation of the NADPH Oxidase in Dendritic Cells Is Calcium- and
PKC Dependent

Splenic dendritic cell lysates were immunoprecipitated for gp91PoX, p47PhoX western blot
was performed, the membranes were stripped, and gp91PhX western blot was performed.
(A) Effect of BAPTA-AM on the high-salt-induced association of p47P1°X with gp91Phox,
(B) Effect of the PKC inhibitor calphostin C on the high-salt-induced association of p47Phox
and gp91Phox,

(C) Representative tracing showing intracellular Ca%* in a single dendritic cell in response to
high salt using fluorescence photometry (lonOptix).

(D) Average data showing the effect of the sodium calcium exchanger blocker, nickel
chloride, on the high-salt-induced intracellular CaZ* influx in dendritic cells.

(E) Average data showing the effect of amiloride on the high-salt-induced intracellular Ca2*
influx in dendritic cells (n = 3-12, *p < 0.05 versus normal-salt control, expressed as mean +
SEM).
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Figure 3. Excess Salt Induces Formation of Immunogenic IsoLGs and Expression of B7 Ligands
in Dendritic Cells and Macrophages

Mouse splenocytes were cultured in normal-salt media (150 mM NacCl), high-salt media
(190 mM NacCl), or normal-salt media with added mannitol (80 mM) as an osmotic control
for 24 hr.

(A) Flow cytometry gating strategy to identify dendritic cells and macrophages.

(B and C) Flow cytometry representatives and average data showing intracellular staining for
IsoLG-protein adducts in dendritic cells (B) and macrophages (C) using the single-chain
antibody, D11 ScFv.

(D and E) Flow cytometry representatives and average data showing surface expression of
CD86 in dendritic cells (D) and macrophages (E).

(F and G) Flow cytometry representatives and average data showing surface expression of
CD80 in dendritic cells (F) and macrophages (G) (n = 5-6, *p < 0.05, **p < 0.01, ***p <
0.001 versus normal-salt control).

(H) Representative flow cytometry histograms showing the effect of salt on dendritic cells
lacking the NADPH oxidase subunit p22//10x,

(1) Average data showing the effect of salt on dendritic cells lacking the NADPH oxidase
subunit p22phox (n = 6, **p < 0.01, expressed as mean + SEM).
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Figure 4. Dendritic Cells Exposed to High Salt Have Increased Production of IL-1b and IsoLG-
Adducted Peptides in Their MHC

(A-C) Dendritic cells were isolated from spleens of mice, cultured in normal-salt or high-
salt media and cytokines IL-1f (A), IL-6 (B), and TNF-a (C) were measured using a
Luminex-based assay.

(D) Effect of amiloride on the high-salt-induced production of I1L-18.

(E) Surface peptides were eluted from dendritic cells treated with normal salt or high salt
and dot blots were performed using the D-11 antibody.

(F) Total amount of peptides eluted.

(G) IsoLG-adducted peptides.

(H) Flow cytometry representative histogram showing the effect of amiloride on the high-
salt-induced accumulation of 1soLG-adducted peptides in dendritic cells (FMO control is
shown).

(1) Number of cells containing IsoLGs in normal-salt, high-salt, and high-salt + amiloride-
treated dendritic cells.
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(J) Percentage of cells containing isolevuglandins in normal-salt, high-salt, and high-salt +
amiloride-treated dendritic cells (n = 5-10, *p < 0.05 versus normal-salt control, expressed
as mean + SEM).
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Figure 5. Dendritic Cells Exposed to High Salt Induce Production of Pro-hypertensive Cytokines
by Primed T Cells

(A) Experimental strategy where dendritic cells were cultured in normal or high-salt media
and then co-cultured with T cells isolated from mice that were exposed to repeated
hypertensive challenges.

(B) Flow cytometry gating strategy to identify T cells subsets.

(C) Flow cytometry representatives showing intracellular staining for IFN-y among CD8* T
cells in response to DCs treated with normal salt and high salt.

(D) Average data showing the effect of high-salt-treated dendritic cells on IFN-y production
among CD8™ cells.

(E) Flow cytometry representatives showing intracellular staining for IL-17 among CD8* T
cells in response to DCs treated with normal salt and high salt.

(F) Average data showing the effect of high-salt-treated dendritic cells on IL-17 production
among CD8™ cells.

(G) Flow cytometry representatives showing intracellular staining for IFN-y among CD4* T
cells in response to DCs treated with normal salt and high salt.

(H) Average data showing the effect of high-salt-treated dendritic cells on IFN-y production
among CD4™ cells.
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(1) Flow cytometry representatives showing intracellular staining for IL-17 among CD4* T
cells in response to DCs treated with normal salt and high salt.

(J) Average data showing the effect of high-salt-treated dendritic cells on IL-17 production
among CD4™ cells. The Flow-minus-one (FMO) gating controls are shown in the top panels
(n =5-8, *p < 0.05 versus normal-salt control, expressed as mean + SEM).
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Figure 6. Salt-Activated Dendritic Cells Sensitize Mice to a Normally Suppressor Dose of
Angiotensin |1, Leading to Hypertension
(A) Dendritic cells were isolated from mouse spleens, cultured for 24 hr in normal salt, high

salt, or high salt plus the isolevuglandin scavenger 2-HOBA and adoptively transferred into
naive mice (10® DCs per mouse) via intravenous injection. Two weeks later, osmotic mini-
pumps were implanted subcutaneously to deliver a low dose of angiotensin 11 (140 mg/kg/
hr).

(B-E) Systolic (B), diastolic (C), mean arterial blood pressure (D), and heart rate (E) were
monitored using radio-telemetry (n = 5-6, *p < 0.05 versus normal-salt control, expressed as
mean £ SEM).
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