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Abstract

Recent studies have shown that both innate and adaptive immunity contribute to hypertension.
Inflammatory cells, including macrophages and T cells accumulate in the vessel wall, particularly
in the perivascular fat, and in the kidney. Mice lacking lymphocytes are resistant to development of
hypertension, and adoptive transfer of T cells restores hypertensive responses to angiotensin 11 and

DOCA-salt challenge. Immune modulating agents have variable, but often-beneficial effects in

ameliorating end-organ damage and blood pressure elevation in experimental hypertension. The

mechanisms by which hypertension stimulates an immune response remain unclear, but might
involve formation of neo-antigens that activate adaptive immunity. Identification of these neo-

antigens and understanding how they form might prove useful in prevention and treatment of this
widespread and devastating disease.

INTRODUCTION

Despite intensive study, there remains substantial debate regarding the etiology of hypertension
and most research has focused on the roles of the kidney, the vasculature or the central nervous
system. Recent data however, have suggested that components of the innate and adaptive
immune system also contribute to hypertension. Traditionally, atherosclerosis has been
considered an inflammatory disease, however increasing evidence suggests that inflammation
also contributes to hypertension, and if efforts are taken to block inflammation, the end-organ
damage and severity of blood pressure elevation can be reduced. Surprisingly, thymus-derived
lymphocytes (T cells) seem to be involved in hypertension, indicating that the adaptive immune
system might contribute to this disease. This is an emerging area of investigation, and the exact
manner by which T cells and other inflammatory cells are activated and contribute to
hypertension is far from understood. In this review, we will consider the existing data and
speculate as to possible mechanisms responsible for immune cell activation and their
contribution to blood pressure elevation.

Inflammation and atherosclerosis

It is useful to begin this review with a brief discussion of atherosclerosis, which is clearly an
inflammatory disease and thus has parallels to hypertension. In early atherosclerotic lesions,
macrophages take up oxidized low-density lipoprotein and become foam cells [1]. In more
complex, established lesions, macrophages accumulate in the shoulder region and contribute
to plaque instability [2]. Thus, these cells of the innate immune system are important in several
phases of atherogenesis. More surprisingly, activated T cells are also found in human
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atherosclerotic lesions and genetic manipulation of T cells reduces lesion formation in mice
[3]. In addition, dendritic cells, which are critical for presenting antigen and promoting T cell
activation, are present in atherosclerotic lesions of humans and experimental animals [4,5].
Observations such as these have led investigators to look for potential antigens that contribute
to atherosclerosis [6], and oxidized low density lipoproteins, heat shock proteins, various
bacterial proteins and platelet glycoprotein B1 have all been implicated in atherosclerosis [7],
although no specific protein has been definitively identified as the antigen responsible for either
human or experimental atherosclerosis. Cytokines released from T cells are thought to
contribute to various stages of lesion development and destabilization. Importantly, cells of
the vessel wall, including endothelial and vascular smooth muscle cells, contribute to the
inflammatory cascade involving T cells, by presenting antigen and responding to cytokines
from T cells [8]. This paradigm, while likely incomplete, has provided a guidebook for
understanding how adaptive immunity could contribute to other common diseases such as
hypertension.

The role of adaptive immunity in hypertension

While a role of adaptive immunity in atherosclerosis is rather well accepted, it has also been
implicated as a contributing factor in hypertension, perhaps with less fanfare. More than 25
years ago, Svendson showed that the delayed phase of DOCA salt hypertension was blunted
in thymectomized animals [9]. Pre-eclampsia is associated with an increase in lymphocyte
markers and the cytokine profile of natural killer lymphocytes in the uterus [10,11].
Interestingly, a recent analysis of almost 6000 people with AIDS (with reduced CD4+ cells)
showed that the incidence of hypertension was significantly lower than the general population
matched non-infected individuals. Treatment with highly active anti-retroviral therapy for 2
years restored the incidence of hypertension to that of the control population [12]. This finding
might reflect a need for functioning helper T cells in hypertension development.

Recently, our group has provided additional evidence that experimental hypertension is
dependent on adaptive immunity. We found that RAG-1~~ mice, which lack both T and B
cells, have very blunted hypertensive responses to prolonged angiotensin Il infusion or DOCA-
salt challenge [13]. Adoptive transfer of T cells, but not B cells, led to a complete restoration
of the hypertensive response to these stimuli, strongly implicating T cells in the genesis of
hypertension. We also found that endothelium-dependent vasodilatation and vascular
superoxide production, which are generally abnormal in hypertension, were not affected in
RAG-17" mice given prolonged angiotensin 11 infusion, but became abnormal after adoptive
transfer of T cells. These studies have provided reasonably definitive evidence that T cells are
important in hypertension and the vascular dysfunction caused by this disease.

In these studies, we sought to determine if T cells entered the vessel to mediate these
abnormalities. Surprisingly, and unlike the condition in atherosclerosis, few if any T cells are
found in hypertensive vessels per se, but analysis of perivascular tissues showed that the
perivascular fat, immediately adjacent to the adventitia of the aorta and mesenteric vessels,
became infested with T cells in the setting of hypertension. These bear markers of effector T
cells and are accompanied by other leukocytes, including natural killer cells and macrophages.
Importantly, in the absence of T cells, perivascular accumulation of other leukocytes does not
occur, supporting a key role of T cells in mediating the overall inflammatory response.

The kidney is also a target of inflammatory cells in hypertension. Hypertension stimulates
lymphocytic infiltration in the kidney, and immunosuppressive therapy prevents this and
reduces renal damage while lowering blood pressure in some cases [14,15], but not in others
[16,17]. In particular, the T cell modulating agent mycophenolate mofetil prevents renal T cell
accumulation and hypertension in some experimental models [15,18] and in at least one small
study in hypertensive humans [19]. Hypertension due to nitric oxide synthase inhibition and
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high salt diet promotes the renal accumulation of macrophages and T cells and causes
proteinuria in mice. These events are prevented by genetically inhibiting the proinflammatory
transcription factor nuclear factor kappa B (NF«B) [20]. In keeping with this, Curcumin, which
inhibits NF«B, also prevents renal inflammation, progressive renal failure and proteinuria in
rats with 5/6!" nephrectomy [21]. Of note, commonly employed drugs such as statins, ACE
inhibitors, angiotensin receptor blockers and spironolactone blunt renal inflammation in
hypertensive models [22,23], potentially providing additional benefit beyond lipid or blood
pressure lowering.

Mechanisms underlying T cell promotion of hypertension

The studies described above clearly show that T cells contribute to blood pressure elevation,
vascular dysfunction and renal disease in hypertension. A major question however is what T
cells are doing to cause these effects. A likely mechanism involves release of cytokines that
influence vascular and renal function directly or indirectly by stimulating other cells to release
cytokines and recruiting additional inflammatory cells. Traditionally, it is believed that
activation of CD4+ T cells leads to either a T helper-1 (TH4) or a TH, phenotype. TH1 polarized
cells produce the signature cytokines IFN-y, IL-2, TNFa and TNFp, while TH, cells produce
IL4, IL5, IL10, and transforming growth factor 3. Cells polarized to the TH4 profile are thought
to participate in inflammatory diseases such as rheumatoid arthritis, psoriasis and bacterial
infections, while TH, cells contribute to allergies and responses to helminths. Of note, the T
cells in atherosclerotic lesions seem to be THq-polarized. We found that the TNFa antagonist
etanercept prevents hypertension and vascular dysfunction in angiotensin Il-induced
hypertension [13], and others have shown it prevents hypertension in fructose-fed rats [24].
This agent also prevents renal injury in salt-dependent hypertension [25]. Interleukin-6 has
also been implicated in angiotensin Il-induced hypertension [26,27], while endogenous IL-10
has been found to have protective effects [27]. Taken together, these findings suggest that
TH; cytokines contribute to hypertension.

Recently, we have provided support for the role of a non-TH4 cytokine in hypertension. The
cytokine IL-17 is a novel cytokine produced by TH17 cells, cytotoxic T cells, mast cells,
neutrophils and natural Killer T cells [28]. THq7 cells are thought to develop independently of
the TH4 or TH,, lineages, and seem to both promote and in some cases inhibit inflammation
[29,30]. We found that chronic angiotensin 11 infusion increased the percent of circulating
TH47 cells by 2- to 3-fold and caused accumulation of vascular levels of IL17 [31]. The
hypertension and vascular dysfunction caused by angiotensin 11 was reduced in IL-177~ mice.
Importantly, IL-17 has been shown to induce chemokines and adhesion molecules in tissues
that promote tissue accumulation of other inflammatory cells. In keeping with this, we found
that vascular accumulation of leukocytes that accompanies angiotensin Il-infusion was
virtually eliminated in 1L-17~/~ mice. Thus, IL-17 seems to be an important cytokine that
participates in hypertension. We propose that T cells residing in the perivascular fat release
cytokines such as IL-17, that diffuse to the adjacent vascular smooth muscle cells where they
enhance superoxide production, reduce endothelium-dependent vasodilatation and promote
vasoconstriction. It is quite likely that other cytokines, such as TNFa and IL-6 also contribute
by creating a cytokine milieu that promotes hypertension.

Mechanisms of T cell activation in hypertension —potential role of the central nervous system

Hypertension has variously been attributed to alterations of renal function, vascular function
and altered CNS signaling. Moreover, oxidative stress in the brain, the vasculature and the
kidney clearly contribute to hypertension via mechanisms that are incompletely understood.
How these various systems are involved in T cell activation and how oxidative events
contribute to T cell activation remain unclear. Recently, we have found that oxidative stress in
the circumventricular organs (CVO) of the brain, and in particular in the subfornical organ,
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likely participates in this process. These regions lack a well-formed blood brain barrier and are
therefore affected by circulating signals like angiotensin Il. Seminal work by Davisson and
coworkers has shown that reactive oxygen species produced in neurons of the CVO contribute
to hypertension, in part by promoting sympathetic outflow. We produced mice in which loxP
sites were placed on either side of the coding region of the extracellular superoxide dismutase
(ecSOD or SOD3). This permitted deletion of SOD3 in adult animals by intracerebroventricular
(ICV) injection of an adenovirus expressing Cre-recombinase (AdCre). Acute deletion of
SOD3 caused an oxidative insult in the CVO, raised systemic blood pressure by 20 mmHg and
markedly sensitized the mice to infusion of low-dose angiotensin 1. More importantly, we
observed that this central manipulation caused an increase in the percent of T cells with an
activated phenotype, and markedly increased the vascular inflammation associated with
angiotensin Il infusion. Analysis of heart rate and blood pressure variability indicated that
deletion of SOD3 in the CVO markedly enhanced sympathetic outflow [32]. These data are in
keeping with prior studies by Ganta et al, suggesting that sympathetic outflow can promote T
cell activation [33].

Potential role of neoantigens in hypertension

Summary

It is interesting to speculate that an important mechanism underlying T cell activation in
hypertension is formation of antigens that are not identified as self. These “neoantigens” could
be produced in response to oxidative modification of proteins, lipids or nucleic acids, exposure
of components of the basement membrane, by induction of cell death and release of intracellular
antigens that normally are immune privileged or by other unknown mechanisms. Of interest,
several small molecular weight heat shock proteins, which have been proposed to serve as
neoantigens in atherosclerosis are increased in the kidneys of hypertensive animals [34]. It is
conceivable that low levels of blood pressure elevation could induce these changes, perhaps
via mechanical trauma to peripheral tissues. In RAG-1"/~ mice, angiotensin 11 causes an
increase of systolic pressure to approximately 135 mmHg. This is similar in p47Pho~/~ mice
[35], and in animals treated with antioxidants [36]. Thus, it seems that in the absence of
oxidative signaling or inflammation, even maximal doses of angiotensin 11 or other stimuli
only increase pressure to pre-hypertensive levels.

The above findings are compatible with a scenario such as that depicted in figure 1, in which
hypertensive stimuli act both on the CNS and in the periphery to cause a modest increase in

blood pressure. This leads to neoantigen formation and promotion of T cell activation, which
leads to inflammation in target organs such as the kidney and vasculature, resulting in a marked
elevation in blood pressure. According to this scheme, the presence of mild hypertension (often
referred to as pre-hypertension) sets the stage for eventual severe hypertension in the absence
of a therapeutic intervention. This might explain the common progression of pre-hypertension
to overt hypertension observed clinically. These considerations stress the benefit of lowering
blood pressure by whatever means possible to prevent the inflammatory phase of the disease.
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Figure 1.

Working hypothesis describing the role of adaptive immunity in hypertension. We propose
that hypertensive stimuli, such as angiotensin 1, salt and reactive oxygen species affect the
CNS, the kidney and the vasculature. The effects of angiotensin 1l and salt have predominant
roles centrally, increasing sympathetic outflow and indirectly affects the kidney and
vasculature, leading to salt and water retention and vasoconstriction. This promotes mild
hypertension to values of approximately 135 mmHg (pre-hypertension). This promotes
formation of neo-antigens that are processed by antigen presenting cells and lead to T cell
activation. Activated T cells infiltrate the vasculature and kidney, promoting endothelial
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dysfunction, further vasoconstriction and salt and water retention and ultimately severe
hypertension.
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