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Abstract

Rationale: The ubiquitin-editing protein A20 in dendritic cells (DCs) suppresses NF-kB
signaling and constrains DC-mediated T cell stimulation, but the role of A20 in modulating the
hypertensive response requires elucidation.

Objective: Here, we tested the hypothesis that A20 in CD11c-expressing myeloid cells mitigates
angiotensin Il induced hypertension by limiting renal T cell activation.

Methods and Results: Mice with heterozygous deletion of A20 in CD11c-expressing myeloid
cells (Cd11c-Cre* A2070Xt = DC ACT) have spontaneous DC activation but have normal
baseline blood pressures. In response to low dose chronic angiotensin (Ang) Il infusion, DC ACT
mice compared to wild-type (WT) controls had an exaggerated hypertensive response and
augmented proportions of CD62L!°CD44hi effector memory T lymphocytes in the kidney lymph
node. After 10 days of Ang I, DC ACT kidneys had increased numbers of memory effector CD8*,
but not CD4* T cells, compared to WTs. Moreover, the expressions of TNF-a and IFN-y were
upregulated in the DC ACT renal CD8* T cells but not CD4* T cells. Saline challenge testing
revealed enhanced renal fluid retention in the DC ACT mice. DC ACT kidneys showed augmented
protein expression of epithelial sodium channel-gamma (-y-ENaC) and sodium-hydrogen
antiporter 3 (NHE3). DC ACT mice also had greater reductions in renal blood flow following
acute injections with Ang 11 and enhanced oxidant stress in the vasculature as evidenced by higher
circulating levels of malondialdehyde (MDA) compared to WT controls. To directly test whether
enhanced T cell activation in the DC ACT cohort was responsible for their exaggerated
hypertensive response, we chronically infused Ang I1 into lymphocyte-deficient DC ACT Ragl™~
mice and WT (CdZ1c-Cre~ A20f0xWt) Rag1~/~ controls. The difference in blood pressure
elevation accruing from DC activation was abrogated on the Ragl™~ strain.
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Conclusions: Following stimulation of the renin angiotensin system, A20 suppresses DC
activation and thereby mitigates T cell-dependent blood pressure elevation.

Abstract

The ubiquitin editor A20 suppresses NF-kB signaling, but its role in the regulation of blood
pressure requires elucidation. In the current study, we find that A20 in CD11c-expressing myeloid
cells protects against hypertension by inhibiting the accumulation of effector T lymphocytes in the
kidney and renal fluid retention during chronic Ang Il infusion. We confirm that A20 in myeloid
cells limits hypertension by restraining T cell activation during renin-angiotensin system (RAS)
stimulation. Mechanistically, A20 in myeloid cells restricts the generation of pro-hypertensive
cytokines, including TNF-a and IFN-vy, in CD8* rather than CD4* T cells that accumulate in the
kidney during hypertension. This study thus identifies a novel role for myeloid A20 to regulate
blood pressure responses, which should facilitate development of immune-directed therapies for
patients with biologically resistant hypertension.

Hypertension; A20; dendritic cells; cytokines; sodium transporters; sodium channels
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INTRODUCTION

Hypertension is the most prominent risk factor for cardiovascular disease, and over a billion
individuals are afflicted with hypertension worldwidel. Stroke, heart failure, and chronic
kidney disease are catastrophic complications of hypertension, and blood pressure remains
poorly controlled in up to half of the hypertensive patients2. Novel anti-hypertensive
therapies are therefore urgently needed.

Inappropriate immune activation is a major contributor to experimental hypertension, and
cells of the immune system mediate blood pressure elevation in part via their actions in the
kidney3-6. Studies with Rag1-deficient mice revealed that T lymphocytes, in particular, are
absolutely required to mount a full hypertensive response to angiotensin (Ang) I17. For
example, T cells can raise blood pressure by promoting oxidative stress and sodium
reabsorption in the kidney® 9. T cells mediate these effects through the elaboration of
cytokines that influence renal epithelial function and even through direct contact with renal
tubular cells%-12, Dendritic cells (DCs) are the most potent antigen presenting cells that
activate T cells, and a full hypertensive response requires interactions between DCs and T
cells to generate memory effector T cells characterized by CD44NCD62!° expression!3: 14,

A20 is a zinc finger protein and ubiquitin-editing enzyme that inhibits NF-xB activation’®.
Accordingly, deficiency of A20 allows unchecked inflammation and perinatal lethalityl6. In
humans, conditions that distort A20’s function lead to autoimmune diseasel’=20, In mice,
deletion of A20 restricted to DCs causes DC-dependent expansion of activated T cells?L.
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Homozygous deletion of A20 in DCs causes inflammatory bowel disease (IBD), which
could lead to hypotension from fluid losses in the gut. However, mice with heterozygous
deletion of A20 in CD11c*™ myeloid cells (DC ACT) have an enhanced propensity for DC-
mediated T cell activation but are phenotypically normal at baseline. Moreover, DC ACT
mice do not develop IBD, and thus have normal baseline blood pressures, allowing us to
study the effects of myeloid cell A20 on the hypertensive response in these animals.

In the current studies, we test the hypothesis that A20 in CD11c*™ myeloid cells protects
against hypertension. Using murine conditional mutant lines, we demonstrate that A20 in
CD11c* myeloid cells limits activation of T cells in the kidney and its draining lymph node
and mitigates the severity of hypertension in the chronic Ang Il infusion model. Our results
also suggest that cytokines including TNF-a and IFN-y from the CD8* but not CD4* T cells
in the DC ACT kidney act on renal tubular function and contribute to hypertension.

METHODS

Data, methods, and materials will be made available upon request.

Animal experiments.

All animal experiments were approved by the Durham Veterans’ Affairs Medical Center
Institutional Animal Care and Use Committee. All mice were housed and bred in the animal
facilities at the Durham Veterans’ Affairs Medical Center according to NIH guidelines. All
animals were maintained on a 12:12-h light/dark cycle at temperatures ranging between 67—
76 °F, 30-70 % relative humidity and free access to food and water.

Male C57BL/6 A200%/flox mice were generously provided by Dr. Gianna Hammer and bred
with female C57BL/6 Cdl1c-Cre transgenic mice to generate male C57BL/6 Cdlic-Cre*
A2070xWt(DC ACT) mice. These mice exhibit evidence of DC-mediated T cell activation
but are otherwise phenotypically normal at baseline. Cd11c-Cre* A2070%Wt mice were
crossed with the recombination activating protein one (Ragl) whole body knockout (Rag
17 strain to generate male Ragl™~ Cd11c-Cre* A20™X0/Wt(Ragl~~ DC ACT) mice for
experiments. Within specific genotypes, mice were randomly assigned to experiments.

Chronic Ang ll-induced hypertension,

10-12 week old male mice were subjected to our hypertension protocol as previously
described?2. Male mice were used to allow comparisons to our previously published
hypertension studies. To reduce total nephron number and capacity for sodium excretion, all
mice underwent left nephrectomy followed one week later by implantation of a pressure-
sensing radiotelemetry catheter (Model#: PA-C10, DSI). Mice without an interpretable
blood pressure tracing (2 WT and 3 DC ACT mice) were excluded from analysis. After 10
days of recovery, an osmotic minipump (Cat#: 0000298, ALZET) was implanted to infuse
Ang Il continuously for 28 days.
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Cell preparations and flow cytometry.

Cell sorting.

Following Ang Il infusion, the hypertensive kidneys were harvested and digested into single
cell suspensions. For the T cell panel, cells were stained with fluorescently-labeled anti-
CD45 (Cat#:103149, BioLegend), anti-CD3 (Cat#:100308, BioLegend), anti-CD4 (Cat#:
100557, BioLegend), anti-CD8 (Cat#:100734, BioLegend), anti-CD62L (Cat#:104436,
BioLegend), and anti-CD44 (Cat#:17-0441-82, Invitrogen) as described?3 and subjected to
flow cytometric analysis. In the DC panel, cells were stained with fluorescently-labeled anti-
CD45 (Cat#:103138, BioLegend), anti-CD3 (Cat#:100355, BioLegend), anti-CD19 (Cat#:
115543, BioLegend), anti-NK1.1(Cat#:108749, BioLegend), anti-MHCII (Cat#:107626,
BioLegend), anti-CD11c (Cat#:117308, BioLegend), anti-CD40 (Cat#:124622, BioLegend),
anti-CD80 (Cat#:104731, BioLegend), and anti-CD86(Cat#:105031, BioLegend) prior to
analysis. Representative flow plots were chosen to reflect the means from the summary data.
The numbers shown on the representative flow plots are exact percentages for the samples
shown.

Mouse kidneys were harvested from hypertensive animals and digested into single cell
suspensions. Cells were then stained with fluorescently-labeled anti-CD45 (Cat#:103138,
BioLegend), anti-CD3 (Cat#:100308, BioLegend), anti-CD4 (Cat#:100557, BioLegend),
anti-CD8 (Cat#:100734, BioLegend), and subjected to fluorescent cell-sorting as
described?2. CD45*/CD3*/CD4* and CD45%/CD3*/CD8* cells were collected, and RNA
was harvested from cells meeting these criteria for real-time PCR analysis.

RNA extraction and real-time quantitative PCR.

Total RNA was extracted from samples according to the manufacturer’s instructions of the
RNeasy Plus Mini kit (Cat#: 74136, Qiagen) or RNeasy Micro kit (Cat#: 74004, Qiagen).
RNA was reverse transcribed with a high capacity cDNA reverse transcriptase kit (Cat#:
4368813, Invitrogen), and real time quantitative PCR (RT-gPCR) was performed with
Tagman assay (Cat#: 4370074) from Invitrogen. Tagman primers and probes were used for
IL-18, TNF-a, and IFN-y.

Saline challenge test.

In brief, mice were anesthetized with isoflurane and then injected i.p. with a volume of
warmed isotonic saline equivalent to 10% of their body weight. Mice then awoke and were
placed immediately in metabolic cages for urine collection over 4 hours. Urine volumes
were quantitated, and results were tabulated as the percentage of the volume load originally
injected.

Immunoblotting.

Kidney tissues were lysed and subsequently sonicated in RIPA buffer that contained 250 uM
phenylmethanesulfonyl fluoride (PMSF), 2 mM EDTA, and 5 mM dithiothrietol (DTT) (pH
7.5). Protein concentrations were determined by the use of Coomassie reagent. 40 pg of
protein of each sample was denatured in boiling water for 10 min, then separated by SDS-
PAGE, and transferred onto PVDF membranes. The blots were blocked with 5% nonfat dry
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milk in Tris-buffered saline (TBST) for 1 h, followed by overnight incubation with the
primary antibody. After washing with TBST, blots were incubated with goat anti-rabbit
horseradish peroxidase (HRP)-conjugated secondary antibody and visualized using
Enhanced Chemiluminescence (ECL, Cat#: 32106, Invitrogen). The blots were quantitated
by using ImageJ 1.38 (NIH, USA). Primary antibodies were as follows: rabbit anti-NHE3
antibody (Cat#: SPC-400D, Stressmarq Biosciences INC.), rabbit anti-a-ENaC antibody
(Cat#: SPC-403D, Stressmarq Biosciences INC.), rabbit anti-p-ENaC antibody (Cat#:
SPC-404D, Stressmarq Biosciences INC.), rabbit anti-y-ENaC antibody (Cat#: SPC-405D,
Stressmarq Biosciences INC.), rabbit anti-NCC antibody (Cat#: NBP1-44270, Novus
Biologicals.), rabbit anti-NKCC2 antibody (Cat#: 38436S, Cell Signaling Technology), and
rabbit anti- GAPDH (Cat#: 2118L, Cell Signaling Technology).

Statistical analysis.

RESULTS

The values of each parameter within a group are expressed as the mean + the standard error
of the mean (SEM). For the blood pressure measurement experiments, comparisons between
the groups were performed using the two-way ANOVA. For comparisons between just 2
groups with normally distributed data, statistical significance was assessed using unpaired
Student’ t-test. Normality was determined using the Shapiro-Wilks and the Kolmogorov-
Smirnov tests. For comparisons between groups with non-normally distributed variables, the
Mann-Whitney U test was employed. p<0.05 was considered statistically significant. No
across-experiment multiple test corrections were performed. Graphpad Prism was used for
statistical analysis. Sample sizes were chosen based on previous studies using our
hypertension model.

A20in CD1lc-expressing myeloid cells limits Ang ll-induced blood pressure elevation.

Mice with homozygous deletion of A20 in CD11c-expressing myeloid cells have elevated
gene expression for inflammatory mediators in the kidney and reduced body weights at
baseline attributable to their susceptibility to inflammatory bowel disease (Online Figure ).
By contrast, Cd1Ic-Cre* A2070XWt(DC ACT) mice with heterozygous deletion of A20 in
CD11c-expressing cells and Cre~ A2070%"! |ittermate controls (WT) have similar body
weights, kidney weights, heart weights, and renal expression of inflammatory mediators and
injury markers at baseline (Online Figure 1), allowing us to study the effects of A20-
dependent T cell activation on the hypertensive response while circumventing effects of
baseline abnormalities. DC ACT and WT mice underwent unilateral nephrectomy to
enhance salt sensitivity followed by implantation of pressure-sensing catheters. Baseline
blood pressures measured by radio-telemetry were virtually identical in the WT and DC
ACT mice (Figure 1A, Online Figure 11). To induce hypertension, mice were infused
subcutaneously with a low dose of Ang I1, 300ng/kg/min, via osmotic mini-pump. During
Ang Il infusion, mean arterial blood pressures (MAPSs) in the WT group rose approximately
15 mmHg and remained elevated throughout the infusion period. However, the DC ACT
mice exhibited more severe hypertension compared to WT controls (Figure 1A, 143 + 1.7
vs. 131 £ 1.5 mmHg, p<0.001). A similar pattern was appreciated with systolic and diastolic
blood pressures (Online Figure 11). As the C57BL/6 strain is relatively resistant to
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hypertensive kidney injury, low dose Ang Il induced only minimal and similar levels of renal
injury in the 2 groups with no increases in albuminuria or kidney weight seen in either Ang
I1-infused cohort (Online Figure I11). However, consistent with their higher blood pressures,
the DC ACT mice had exaggerated cardiac hypertrophy following 4 weeks of hypertension
(Figure 1B, 7.28 £ 0.27 vs. 6.35 £ 0.33 mg heart weight/g body weight, p<0.05) and
induction of B-myosin heavy chain (8-MHC), reflecting pathologic cardiac hypertrophy2
(Online Figure 1V). The hearts from both groups showed increased levels of perivascular
fibrosis and cardiac expression of fibrosis markers following Ang Il compared to baseline
controls (Online Figure 1V). Nevertheless, at this low dose of Ang 11, the higher blood
pressure levels in the DC ACT animals were not sufficient to alter levels of cardiac fibrosis
compared to WT controls. Moreover, cardiac T cell infiltration at this Ang 11 dose was mild
and similar between the WT and DC ACT cohorts (Online Figure V). These data indicate
that A20 in CD11c-expressing myeloid cells protects against Ang Il-induced hypertension,
but suggest that differences in renal injury do not underpin the exaggerated hypertensive
response seen in the DC ACT cohort.

A20in CD11lc-expressing myeloid cells inhibits T cell activation in the renal lymph node
during hypertension.

Naive T cells are marked by CD62LNCD440 expression, whereas effector memory T cells
exhibit a CD62L'°CD44N profile?. Therefore, to determine the impact of A20 in DCs on
the activation of T cells draining from the kidney, we measured the proportions of
CD62LNCD44!° naive and CD62L!°CD44N effector memory T cells in the kidney lymph
node by flow cytometry after 10 days of hypertension, a timepoint at which we have seen
immune-dependent differences in renal sodium handling during hypertension26 (Figure 2A).
In general, we saw a mild shift toward higher proportions of CD4" T cells and lower
proportions of CD8* T cells in the DC ACT cohort (Figure 2B). Among these T cell subsets,
the proportions of effector memory T cells were augmented in the kidney lymph nodes from
the DC ACT cohort (Figure 2C-E). This pattern was stronger within the CD8* than in the
CD4* T cell subsets and became even more evident by day 28 of Ang Il (Online Figure VI).
We also detected a similar pattern with splenic T cells isolated at day 10 of Ang Il infusion
(Online Figure VII). Thus, A20 in CD11c-expressing myeloid cells limits T cell activation in
the kidney’s draining lymph node and spleen during hypertension.

A20 deficiency in CD11c* myeloid cells augments accumulation of activated T cell in the
kidney during hypertension.

Following activation in the lymphoid organs, these effector memory T cells can recirculate
to the kidney to have profound effects on blood pressure regulation4. We therefore posited
that these activated T cells could accumulate in the kidney to influence the hypertensive
response. Thus, to quantify effector memory T cells in the hypertensive kidney, we
performed flow cytometric analysis on single cell suspensions from the kidney after 10 days
of Ang Il. As illustrated by our gating strategy (Figure 3A), cells were stained with
fluorescently-labeled anti-CD45, anti-CD3, anti-CD4, Anti-CD8, Anti-CD62L, and Anti-
CD44. We found greater numbers of CD3* T lymphocytes in the kidneys from our DC ACT
mice compared to WT controls (Figure 3B). Additionally, the absolute number of CD4* and
CDS8™* T cells were increased in the DC ACT group (Figure 3C). Numbers of effector
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memory T cells marked by CD62L'°CD44M expression were markedly increased within the
CDS8™ T cell subset, but not in the CD4* subset from the DC ACT kidneys (Figure 3D-E).
As CD8" T cells are known to play a key role in T cell-dependent blood pressure
elevation?’, these data suggest that A20 in CD11c-expressing myeloid cells may limit blood
pressure elevation by reducing the renal accumulation of activated CD8" T cells.

A20 suppresses renal DC activation during Ang ll-dependent hypertension.

A20 in DCs has been reported to limit T cell activation in part by suppressing the expression
of the DC maturation marker CD4021, Thus, to determine whether A20 regulates DC
activation in our hypertension model, we examined CD40 expression on DCs isolated from
the kidney after 10 days of Ang Il infusion. To this end, we selected for CD45* live
hematopoietic cells that did not express markers for T cells (CD3), B cells (CD19), or NK
cells (NK1.1) based on a “fluorescence minus one (FMO)” gate, and then analyzed CD40
expression on the remaining cells co-expressing the DC markers CD11c and MHCII (Figure
4A). We found that the absolute numbers of CD11c* MHCIIN DCs in the hypertensive
kidney from WT and DC ACT mice were similar (Figure 4B). The absolute numbers of
CD40" DCs were elevated in the DC ACT kidneys compared to the WT cohort whereas the
numbers of CD80 and CD86 DCs were numerically but not significantly higher in the DC
ACT cohort (Figure 4C—E). Whereas absolute numbers of CD11c* MHCIIN DCs were
increased in the DC ACT spleens compared to WT controls, the pattern of DC co-
stimulatory molecule expression on splenic DCS in the 2 groups was similar to that seen in
the kidney (Online Figure VIII). Thus, A20 in DCs constrains their expression of the co-
stimulatory molecule CD40, providing a possible mechanism through which A20 in DCs
limits renal T cell activation.

Pro-hypertensive cytokines are upregulated in CD8* T cells in the kidneys of Ang II-
infused DC ACT mice.

As the pro-inflammatory cytokines, TNF-a, IFN-y and IL-17A can all contribute to blood
pressure elevation through diverse actions in the kidney1: 28-30 \we measured mRNA
expression for these cytokines in CD4* and CD8* cells isolated directly from the kidney of
the Ang ll-infused WT and DC ACT animals (Figure 5A). By real-time gPCR analysis, the
MRNA levels of TNF-a, and IFN-y were significently increased in CD8* T cells the DC
ACT kidney whereas IL-17A expression was not significantly different between the CD8* T
cells from the 2 groups (Figure 5B). By contrast, we saw no significant alterations in the
expression of those pro-hypertensive cytokines within the CD4* T cells from the DC ACT
kidneys (Figure 5C). At the whole kidney level, DC ACT kidneys showed enhanced mRNA
expression for TNF-a,, IFN-y, IL-17A, and the chemokine CCL5 (Online Figure IX). We
also detected elevated circulating levels of TNF-a protein in the Ang Il-infused DC ACT
cohort (Online Figure 1X). These data suggest that A20 in CD11c* myeloid cells limit blood
pressure elevation by broadly constraining expression of pro-hypertensive cytokines in
CD8* T cells.

A20in CD11c* myeloid cells facilitates diuresis following induction of hypertension.

Cytokines including IFN-y, TNF-a and IL-17A can promote blood pressure elevation
during activation of the renin angiotensin system by modulating renal tubular
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function10-12. 31 To determine if A20 in DCs controls blood pressure by limiting volume
expansion, uni-nephrectomized WT and DC ACT mice at baseline or day 10 of Ang Il were
challenged intraperitoneally with the saline equivalent of 10% of their body weight and
placed in metabolic cages for urine collection. The ratio of urine volume to the injected
volume at each time point was quantitated as a measure of diuresis. Body weights in the 2
groups were not different (Online Figure X). At baseline, WT and DC ACT mice excreted
similar proportions of the injected volumes (Figure 6A). Following 10 days of Ang I, both
groups excreted lower proportions of the injected volume compared to the baseline
condition, consistent with Ang Il-induced volume retention. However, in comparison to the
Ang ll-infused WT cohort, the Ang Il-infused DC ACT animals excreted an even lower
volume, suggesting an exaggerated tendency for Ang Il1-mediated volume retention (Figure
6A). Consistent with this finding, the protein expressions of sodium transporters including
the cleaved epithelial sodium channel-gamma (-y-ENaC) and sodium-hydrogen antiporters 3
(NHE3) were significantly increased in the DC ACT kidneys compared to WT controls
(Figure 6B-6C). By contrast, the levels of a-ENaC, p-ENaC, and NKCC2 were similar in
the 2 groups whereas levels of full length y-ENaC and NCC were decreased in the DC ACT
group (Figure 6B—6C). Despite the exaggerated diuresis in the DC ACT group, our assay
could not detect differences in sodium excretion (Online Figure X). Consistent with a role to
regulate NF-xB activation rather than gene expression, we could not detect differences
between the WT and DC ACT cohorts in mMRNA levels for NF-kB subunits in whole kidney
or in cultures of splenic CD11c* myeloid cells exposed to Ang Il (Online Figure XI).

We also considered the possibility that activated T cells in the DC ACT kidney could impair
diuresis by reducing renal blood flow. Consistent with this notion, we detected a greater,
dose-dependent reduction in renal blood flow in DC ACT animals acutely injected with Ang
I1 (Online Figure XII). T cells cause vascular dysfunction by raising local oxidant stress.
Enhanced oxidant stress in the DC ACT vasculature was evidenced by higher circulating
levels of malondialdehyde (MDA) in these mice vs. WT controls (Online Figure XII). Thus,
ablation of A20 in CD11c* myeloid cells contributes to attenuated renal blood flow, sodium
transporter activation, and volume expansion, which could promote blood pressure elevation.

A20in CD11c* myeloid cells suppresses the hypertensive response viaa T cell-dependent

mechanism.

To discriminate whether A20 in CD11c* myeloid cells regulates blood pressure through
effects on DC-mediated T cell activation, we crossed the DC ACT mice onto the Ragl~/~
strain that lacks lymphocytes. We then subjected Ragl™~ DC ACT mice and Ragl™~ WT
mice with normal A20 expression to our hypertension model. In contrast to our original DC
ACT mice experiment (Figure 1A), Ragl™~ DC ACT mice had a similar hypertensive
response to Ragl™~ WT mice (Figure 7A). Consistent with their similar blood pressures, the
Ragl™~ DC ACT mice developed similar levels of cardiac hypertrophy compared to
Rag1™~ mice (Figure 7B). Thus, lymphocytes are required to mediate exaggerated
hypertension that accrues from deficiency of A20 in CD11c-expressing myeloid cells during
RAS activation.
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DISCUSSION

Hypertension is the major modifiable risk factor for cardiovascular disease that now causes
one-third of deaths worldwide32. Blood pressure elevation can result from dysfunction in
any of the cardiovascular control centers including the kidney, heart, vasculature, and
nervous system, and inappropriate immune responses promote hypertension by acting on
any of these control centers33. Activated dendritic cells (DCs) augment the hypertensive
response by stimulating T lymphocytes to alter vascular and renal epithelial functions3*: 35,
In the current study, we find that the ubiquitin editor A20 in CD11c* myeloid cells
attenuates the hypertensive response during RAS activation by limiting T cell activation in
the kidney.

A20 restricts the maturation of the DCs by blunting activation of NF-xB signaling pathway,
and deficiency of A20 in CD11c-expressing myeloid cells causes systemic autoimmunity
and inflammatory bowel disease, a condition that could actually reduce blood pressure by
causing volume losses in the gut36-21, As mice with heterozygous deletion of A20 in CD11c
* myeloid cells (DC ACT) have normal baseline blood pressure, we employed the DC ACT
line to understand the role of A20 in DCs to regulate RAS-dependent hypertension. The
similar blood pressures in the WT and DC ACT mice indicate that A20 in CD11c* myeloid
cells does not control normal blood pressure homeostasis. Nevertheless, during chronic low
dose Ang Il infusion, the DC ACT mice developed exaggerated hypertension and cardiac
hypertrophy, consistent with a role for A20 in CD11c* myeloid cells to limit the
susceptibility to Ang ll-induced hypertension.

The capacity of T lymphocytes to exacerbate the hypertensive response has been established
in multiple experimental models, and T cells accumulate within the vascular wall and kidney
during hypertension’: 37, Consistent with a role for A20 in DCs to temper immune-mediated
hypertension via actions in the kidney, we find augmented accumulation of both CD4* and
CDS8™ T cells within the kidneys from the Ang ll-infused DC ACT cohort. Interactions of T
cells with DCs can cause differentiation of T cells to a CD44NCD62L0 effector memory
phenotype that is critical to hypertension pathogenesis!4, and we find an increased
accumulation of effector memory T cells in both the kidney and its draining lymph node
from the hypertensive DC ACT animals. CD8* T lymphocytes, in particular, are thought to
mediate the pro-hypertensive effects of T cells in hypertension?’, and we find that the
enhancement in renal T cell accumulation in the DC ACT cohort is more striking in the
CD8" subset than the CD4" subset. Moreover, within the DC ACT kidney, we found
dramatically increased numbers of CD8* but not CD4* effector memory T cells compared to
WT controls, consistent with the augmented hypertension in the DC ACT cohort.

DCs activate T cells via the presentation of antigen in the cleft of a major histocompatibility
complex. Upregulation of co-stimulatory molecule receptors including CD80, CD86, and/or
CD40 on the surface of the maturing DC potentiates maximal T cell activation3. A20 on
DCs has been reported to constrain expression of CD40 and CD80 on the DC2L. In the
hypertensive kidneys and spleen from the DC ACT animals, we detected significantly
increased numbers of CD40* DCs but only non-significant increases in CD80* and CD86*
DCs in the DC ACT kidney and spleen versus WT controls. These data suggest that A20 on
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CD11c* myeloid cells constrains T cell activation by suppressing renal DC expression of
CDA40.

Following activation by DCs, T cells can modulate blood pressure through the elaboration of
inflammatory cytokines that influence renal epithelial cell function and/or vascular tone.
Among these cytokines, IFN-y, TNF-a, and several Interleukins have all been shown to
promote hypertension through actions in the kidney®: 7- 26: 31 W find that A20 in DCs
suppresses the expression of several of these cytokines in renal CD8" T cells, which may
underpin the protective effect of DC A20 in RAS-dependent hypertension. These cytokines
can instigate blood pressure elevation by promoting renal fluid retention with consequent
volume expansion per Ohm’s law. Consistent with that notion, we detected a blunted
diuresis in response to an IP saline challenge in the Ang Il-infused DC ACT cohort
compared to WT controls. Moreover, the DC ACT kidneys showed upregulated protein
expression for the active form of multiple sodium channels including y-ENaC and NHES3.
While A20 in CD11c* myeloid cells appears to attenuate Ang Il-induced fluid retention, our
experiments could not confirm alterations in sodium excretion and cannot discriminate
whether the effects on sodium transporter expression are cytokine-mediated or rather accrue
from direct interactions of CD8" T cells with the renal epithelium as has been reported3®,
Nevertheless, the sodium channel reportedly impacted by direct CD8 cell-tubular
interactions is the NCC transporter in the distal convoluted tubule, and protein levels of NCC
were down- rather than up-regulated in the DC ACT kidneys, possibly reflecting pressure
natriuresis in response to the higher blood pressure pressures in this group. Moreover, T
cells accumulate around the renal blood vessels rather than the renal tubules in our
hypertension model?2: 40, and we detected more severe reductions in renal blood flow in the
DC ACT cohort in response to Ang II. Thus, A20 in CD11c* myeloid cells can limit volume
expansion and blood pressure elevation both through effects on sodium transporter function
and through effects on the renal vasculature.

Finally, to test whether A20 in CD11c* myeloid cells mitigates blood pressure elevation via
effects on T cell activation, we compared the hypertensive response in DC ACT and WT
mice crossed to the lymphocyte-deficient Ragl™" strain. Both groups developed a low level
of hypertension, suggesting that our Rag1~/~ strain may have lost some of its resistance to
hypertension as has been reported in the literature?l. Here, we have not investigated
compensatory mechanisms permitting hypertension in our Ragl~~ animals. Nevertheless,
the difference in the hypertensive response between the groups was abrogated in the absence
of lymphocytes. Thus, the capacity of A20 in CD11c* myeloid cells to limit hypertension
depends on the curtailing of lymphocyte activation. While the Rag1-deficient strain lacks
both B and T cells, the role of DCs in presenting antigens to T lymphocytes implicates T
cells rather than B cells in the protective effect of DC A20 on blood pressure regulation.

In sum, we find that the ubiquitin-editing protein A20 in CD11c* myeloid cells affords
protection from RAS-mediated hypertension by limiting renal T cell activation. This blunted
T cell activation has consequent effects on the elaboration of pro-hypertensive cytokines
within the kidney that limits volume retention accruing from chronic Ang Il infusion (Figure
8). These studies identify a new target within CD11c* myeloid cells for the amelioration of
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immune-mediated blood pressure elevation and should lead to novel therapeutics for those
patients with truly biologically resistant hypertension.
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What Is Known?

What New Information Does This Article Contribute?

NOVELTY AND SIGNIFICANCE

A20 is a ubiquitin editor that inhibits NF-xB signaling.
Loss of A20 in CD11c* myeloid cells causes autoimmunity.

50% loss of A20 in CD11c* myeloid cells permits enhanced T lymphocyte
activation without other baseline abnormalities.

A20 in CD11c* myeloid cells protects against Angiotensin (Ang) l-induced
hypertension.

A20 in CD11c™ myeloid cells limits activation of T cells in the hypertensive
kidney and restricts their capacity to produce pro-hypertensive cytokines
including TNF-a and IFN-y.

A20 in CD11c™ myeloid cells blunts renal sodium transporter expression and
volume retention that contribute to blood pressure elevation.
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Figure 1. A20 in CD11c™ myeloid cells limit angiotensin (Ang) 11-induced hypertension.
(A) Mean arterial pressures measured by radio-telemetry in the experimental groups at

baseline (“pre™) and during chronic Ang Il infusion. Wild-type (“WT”), circles. CdZIc-Cre*
A20lxt (“DC ACT™), squares. N=8 mice/group. Comparisons between the groups were
performed using the two-way ANOVA. (B) The ratio of heart weight/body weight(mg/g) in
the WT and DC ACT groups after 28 days of Ang Il infusion. N=10-11 mice/group.
Statistical significance was assessed using an unpaired Student’ #test. Data are mean + SE.
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Figure 2. A20 in CD11c™ myeloid cells inhibit T cell activation in the renal lymph node during
hypertension.

Flow cytometric analysis of renal lymph node cells after 10 days of Ang ll-induced
hypertension. (A) Gating strategy for parsing T cell populations in renal lymph node. (B)
Representative flow plots and proportions of the CD4* and CD8* T lymphocytes from WT
and DC ACT groups. (C) Representative flow plots and proportions of the CD44NCD62L'°
CD3* T lymphocytes from WT and DC ACT groups. (D) Representative flow plots and
proportions of the CD44MNCD62L!° CD8* T cells from WT and DC ACT cohorts. (E)
Representative flow plots and proportions of the CD44MNCD62L'° CD4* T cells from WT
and DC ACT mice. N=6 mice/group. Statistical significance was assessed using an unpaired
Student’ #test. Data are mean + SE.
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Figure 3. A20 deficiency in CD11c* myeloid cells enhances accumulation of effector memory T

cells in the kidney during hypertension.

Flow cytometric analysis of single cell suspensions from the kidney harvested after 10 days
of Ang Il infusion. (A) Gating strategy for parsing T cell populations in kidney. (B-E)
Representative flow plots and absolute number of the (B) CD3* T lymphocytes, (C) CD4*
and CD8* T cells, (D) CD44MNCD62L!° CD8* T cells, and (E) CD44NCD62L!° CD4* T cells
from the WT and DC ACT kidney. N=6 mice/group. Statistical significance was assessed
using an unpaired Student’ ~test. Data are mean + SE.
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Figure 4. A20 suppresses renal DC activation during Ang 11-dependent hypertension.
Assessment of expression of co-stimulatory molecules CD40, CD80 and CD86 on CD11c

*MHCIIN DCs isolated from the kidney after 10 days of Ang II. (A) In gating strategy, T
cells, B cells, and NK cells were first excluded via negative staining for CD3, CD19, and
NK1.1, respectively, based on “fluorescence minus one” (FMO) threshold. Then DCs were
identified by co-expression of CD11c and MHCII and parsed for CD40, CD80, or CD86
positivity. (B) Representative flow plots and absolute number of CD11c*MHCIIN Cells from
WT and DC ACT groups. (C-E) Representative flow plots and absolute number of (C)
CD40™", (D) CD80*, and (E) CD86* DCs from WT and DC ACT mice. N=6 mice/group.
Statistical significance was assessed using an unpaired Student’ #test. Data are mean + SE.
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Figure 5. Pro-hypertensive cytokines are upregulated in CD8" T cells from the kidneys of Ang I1-
infused DC ACT mice.
After 10 days of Ang Il infusion, the CD4* and CD8* T cells were isolated from the kidney

and sorted by flow, and mMRNA expression for cytokines was quantitated via gPCR. (A)
Gating strategy for renal T cell isolation. (B-C) Relative mRNA expression for TNF-a,, IFN-
v, and IL-17a in (B) CD8" and (C) CD4* T cells. N=5 mice/group. Statistical significance
was assessed using an unpaired Student’ #test. Data are mean * SE.
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Figure 6. A20 in CD11c™ myeloid cells impairs diuresis following induction of hypertension.
(A) At baseline and after 10 days of Ang Il infusion, WT and DC ACT mice were

challenged with an i.p. bolus of saline equivalent to 10% of their body weights and placed in
metabolic cages for 4 hours of urine collection. Ratio of urine volumes to injected volumes
are shown. (B) After 3 weeks of Ang Il infusion, the kidney protein levels of the a.-ENaC, -
ENaC, -y-ENaC, NHE3, NKCC2, and NCC was determined by immunoblotting. (C)
Densitometry of these blots normalized to GAPDH. N=9 mice/group. Statistical significance
was assessed using an unpaired Student’ #test. Data are mean * SE.
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Figure 7. A20 in CD11c™ myeloid cells suppresses the hypertensive response viaa T cell-

dependent mechanism.

(A) Mean arterial pressures measured by radio-telemetry in Ragl™~mice (“Rag1~/~”, open
circles) and Ragl™~ Cd11c-Cre* A2070XWt (“Rag1~- DC ACT™, open squares) mice at
baseline (“pre”) and during chronic Ang Il infusion. Comparisons between the groups were
performed using the two-way ANOVA. (B) Ratio of heart weight/body weight (mg/g) in the
Rag1l~/~ and Ragl™"DC ACT groups after 28 days of Ang Il infusion. N=5-6 mice/group.
Statistical significance was assessed using an unpaired Student’ #test. Data are mean + SE.

Circ Res. Author manuscript; available in PMC 2020 December 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Luetal.

Lymph Node

Page 23

O
») ) TNF-a
y IFN-y, IL-17a
| —

1 Vasoconstriction

\ \ (4

Maturationl \ \ D 0%
\ \ Iy e O

20
0
TNF-q, IFN-y
IL-17a

NHE3 1

ENaC 1

1 Sodium and Volume retention

Figure 8. A role for A20 in dendritic cells (DCs) to protect against Ang I1-induced hypertension.
A20 in DCs inhibit IkB kinase and NF-kB activation, which limits the maturation of DCs. In

response to Ang Il, DCs are recruited to the kidney where they mature and are exposed to
antigens. In the renal lymph nodes, activated DCs expressing co-stimulatory molecules
prime T lymphocytes that further circulate in the kidney and release pro-hypertensive
cytokines. Pro-hypertensive cytokines such as TNF-a, IFN-y, and IL-17A increase sodium
transporter expression and reduce blood flow in the kidney to drive volume retention and

blood pressure elevation.
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