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Emerging evidence has shown that inflammation and immunity play a central role in the
genesis of hypertension. Cells of the immune system, including macrophages and T cells
have been observed in tissues of humans with hypertension and experimental evidence
dating to the 1960s has suggested that both the elevation in blood pressure and end-organ
damage are in part mediated by this immune cell infiltration. Studies in the past decade have
shown that mice lacking T cells are protected against both angiotensin 11 and salt-sensitive
hypertension, and that adoptive transfer of T cells restores blood pressure in these animals.
The T cells that accumulate in kidneys and vessels release inflammatory cytokines,
including interleukin 17A, tumor necrosis factor-a., and interferon gamma (IFN-y) that
promote vascular dysfunction and renal damage. Macrophages and dendritic cells in tissues
also release cytokines and metalloproteinases. These powerful signals affect vascular
function by promoting vasoconstriction, remodeling and fibrosis, and in the kidney, locally
released cytokines alter renal tubular sodium reabsorption and antagonize pressure
natriuresis.

There is interest in the subsets of immune cells contributing to hypertension, with evidence
supporting roles of CD8* T cells, T417 CD4* T cells, B cells, monocytes and monocyte
derived dendritic cells. Studies in mice and humans have emphasized a role of CD8" T cells
in hypertension, as these cells seem to be major sources of IFN-y and an oligoclonal
population of these cells accumulates in the kidney of hypertensive mice. Moreover, CD87/~
mice are partially protected against angiotensin 11- and DOCA-salt induced hypertension,
while CD47~ mice are not.2 There is an increased number of circulating senescent CD8* T
cells in humans with hypertension that produce IFN-y, TNFa, granzyme B and perforin and
this is accompanied by a striking increase in plasma levels of C-X-C type 3 receptor
chemokines, which are tissue homing attractants for T cells.3 We have also observed an
increase in IFN-y-producing CD8" T cells in humans with hypertension.*
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Classically, T cells require 3 signals for activation, referred to as signals 1, 2 and 3 (Figure).
Signal 1 is T cell receptor recognition of specific antigenic peptides presented in the context
of class I or class Il major histocompatibility complexes on antigen presenting cells (APCs).
Signal 2 is co-stimulation, involving interactions of ligands like CD80 and CD86 on APCs
with CD28 on T cells. These two interactions occur within the immunological synapse,
where they are accompanied by other modulating receptor-ligand interactions between the
APC and the T cell. Signals 1 and 2 are sufficient to promote T cell proliferation, cytokine
production and often mobilization from secondary lymphoid organs. Signal 3, on the other
hand, involves stimulation of accessory receptors outside of the immunological synapse by
hormones, cytokines and danger signals present in the inflammatory milieu. Some of these
are released by the APC, while others are derived from nearby stromal cells or from the
circulation. Thus cytokines like 1L-12, 1L-4, IL-1B, IL-23 and TGFp skew T cells to Ty1,
Tn2, Tyl7 and regulatory phenotypes by activating transcriptional pathways and epigenetic
alterations that are still being elucidated. It was previously thought these commitments were
irreversible, but there is ample evidence of plasticity of T cell phenotype, and that some cells
can serve more than one function.

In this issue of Circulation Research Sun et al provide us with a new signal 3 that has
relevance to immune activation in hypertension.® The authors provide evidence that the
Mineralocorticoid Receptor (MR) in T cells, and particularly in CD8* T cells, modulates
their production of interferon gamma (IFN-y) and ultimately promotes hypertension. To
accomplish this, the authors used Cre-Lox technology to eliminate the MR in all T cells,
while leaving it intact in all other cells. Surprisingly, the resultant mice (TMRKO mice)
demonstrated blunted hypertension, attenuated fibrosis in the aorta and kidneys, reduced
albuminuria and preserved endothelium-dependent vasodilatation upon chronic infusion of
ang 1l. The authors showed by flow cytometry that both CD4* IFN-y* T and CD8* IFN-y*
T cells are reduced in kidneys and aorta of hypertensive TMRKO mice. In further
experiments they found that MR mediates production of IFN-y by CD8 T cells. MR deletion
reduced CD8" IFN-y* CD8* T cells, while overexpression of MR using a lentivirus
markedly increased production of IFN-y by CD8* T cells compared to cells infected by a
control lentivirus. Moreover, Sun et al used chromatin immunoprecipitation (ChIP) assays to
identify NFAT1 and AP-1 binding to specific regions of the IFN-y gene promoter and
confirmed interactions between MR and NFAT1 and between the MR and the AP-1 subunits
c-Fos and c-Jun. In addition, mice engineered to overexpress MR in T cells had exacerbated
hypertensive responses to Ang Il. Treatment with anti-IFN-y neutralizing antibodies during
ang Il infusion prevented hypertension in WT and TMRKO mice confirming that T cell MR
overexpression exacerbates Ang ll-induced hypertension through IFN-vy.

Classical teaching indicates that the major action of aldosterone and the MR is to promote
renal sodium reabsorption, largely by increasing abundance of the epithelial sodium channel
on the apical membrane of epithelial cells in the distal nephron. While this is likely its major
role, there is increasing evidence that aldosterone can act on the MR in other cells to
promote hypertension. Of note, McCurley et al showed that specific deletion of MR in the
vascular smooth muscle blunted age-related elevations in blood pressure, vascular myogenic
tone and fibrosis.6 The endothelial MR receptor contributes to the vascular stiffening and
dysfunction that accompanies obesity.” Related to the present study of Sun et al, there is also
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evidence that MR receptors on macrophages and dendritic cells affect their phenotype and
cytokine production.®

This current study adds to our understanding of the role of IFN-y in hypertension. While
some studies have shown a protective or neutral effect of this cytokine,® others have
supported its role in hypertension. As an example, we have shown that IFN-y ™~ mice
exhibit a blunted rise in blood pressure in response to ang Il infusion and that that the anti-
diuretic and anti-natriuretic response of ang Il is virtually absent in these animals.1? This
effect in part seems to be related to changes in the sodium-hydrogen exchanger 3 in the
proximal nephron, which modulates pressure natriuresis.1? Sun et al observed an increase in
T cells in the kidney in ang ll-induced hypertension. In keeping with this, we have observed
accumulation of memory T cells in the kidney and vasculature in hypertensive mice that the
effector memory subset of T cells are a major source of IFN-vy in the kidney of hypertensive
mice.11

An interesting finding made by Sun et al is that immunoclearing of IFN-y more effectively
lowered blood pressure than did knockout of the MR in T cells. This is almost certainly
because there are factors in addition to the MR, such as the transcription factor Thet and
JAK/STAT signaling that regulate IFN-y production. Nevertheless, it is therapeutically
possible to block the MR with currently available, commonly used drugs. In this regard, MR
antagonists have emerged as highly effective and likely indispensable agents to treat resistant
hypertension. A recent randomized, double blind clinical trial showed that spironolactone is
superior to either alpha-1 or beta-adrenergic receptor blockade as an add-on drug in the
treatment of such patients, supporting a predominant role of MR activation in the
pathophysiology of resistant hypertension.12 It is also possible that the mechanism proposed
by Sun et al has relevance to heart failure, where T cells have been identified to play a
pathogenic role,13 and MR receptor blockade clearly improves outcome. Thus the findings
by Sun et al suggest a previously unknown anti-inflammatory role of MR blocking agents
that might explain some of their striking therapeutic benefits beyond the simple diuretic
effects of these drugs.
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Figure. Aldosterone servesas a novel signal 3for T cell activation
Antigen-presenting cell (APC), including dendritic cells, B cells, macrophages and others

present antigenic peptides to the T cell receptor in the context of major histocompatibility
complexes (Signal 1). This is accompanied by co-stimulatory signals, including interactions
between B7 ligands on the APC and CD28 on T cells (Signal 2). T cells also possess
numerous receptors for cytokines, Danger Associated Molecular Patterns (DAMPSs) and
Pattern Associated Molecular Patterns (PAMPs) that influence the T cell phenotype (Signal
3). Sun et al show that aldosterone acting through the mineralocorticoid receptor (MR) acts
as a previously unrecognized signal 3 by interacting with nuclear factor of activated T-cells 1
(NFAT1) and activator protein-1 (AP-1). This promotes production of interferon gamma
(IFN-y) and ultimately vascular dysfunction and kidney damage leading to hypertension.
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