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Abstract

One in every three adults in the United States has hypertension, and the underlying cause of most
of these cases is unknown. Therefore, it is imperative to continue the study of mechanisms
involved in the pathogenesis of hypertension. Decades ago, studies speculated that elements of an
autoimmune response were associated with the development of hypertension based, in part, on the
presence of circulating autoantibodies in hypertensive patients. In the past decade, a growing
number of studies have been published supporting the concept that self-antigens and the
subsequent activation of the adaptive immune system promote the development of hypertension.
This manuscript will provide a brief review of the evidence supporting a role for the immune
system in the development of hypertension, studies that implicate both cell-mediated and humoral
immunity, and the relevance of understanding blood pressure control in an autoimmune disease
model with hypertension.
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Introduction

Hypertension was recognized by what was termed a hardened pulse in the arteries as early as
2600 B.C., but was not classified as a treatable “cardiovascular disease” until 1913 [1, 2]. It
affects 25-35% of people over the age of 18 worldwide, and for most of the greater than 77
million diagnosed adults in the United States, the cause is unknown [3, 4]. Although the
reasons for this can be debated, only about half of hypertensive patients are achieving blood
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pressure control, despite the continued development of therapies over the last century [5].
Taken together, this suggests that there is continued need to examine the underlying factors
that promote the development of hypertension and limit the efficacy of treatment for these
patients. Although it has been recognized for many years, the association between immune
system activation and the pathogenesis and maintenance of hypertension has become a
robust area of scientific inquiry over the past decade. Among the studies published in this
area, many of them implicate an autoimmune phenomenon as potentially contributing to the
hypertension. The purpose of this brief review is to highlight some of the key studies
showing a mechanistic role for the immune system in the development of hypertension,
review evidence supporting the concept that a loss of immune tolerance and the resulting
autoimmunity may be an important underlying factor, and promote the idea of studying
experimental models of autoimmunity as a means to better understand the link between
immune system activation and hypertension.

Immune system activation and hypertension: a brief overview

A role for immune system activation has been well-documented in both human and
experimental hypertension from as early as 1964, when White and Grollman reported that
injection of renal particles induced a hypertensive phenotype in rats that was associated with
the presence of anti-kidney antibodies [6]. In addition, they demonstrated that
immunosuppressive therapy protected from increases in blood pressure in an experimental
model of kidney infarction and that anti-kidney “precipitins” were elevated in the sera of
hypertensive patients [6]. In 1976, Svendsen and colleagues reported that mice lacking a
thymus — and therefore mature T cells — were protected from deoxycorticosterone acetate
(DOCA)-salt hypertension [7]. In 1985, Norman and colleagues implanted the thymus from
normal animals into spontaneously hypertensive rats and demonstrated that this transfer of
normal immune cells effectively reduced blood pressure [8, 9]. These early studies
suggested a role for immune cells in the pathogenesis of hypertension and also hinted at the
possibility that autoimmunity may be an important contributing factor.

In subsequent years, reports on the association between the immune system and human
hypertension continued. For example, circulating inflammatory cytokines (i.e., tumor
necrosis factor [TNF]-a, interleukin [IL]-6) are increased in patients with essential
hypertension and even directly correlate with blood pressure in individuals who are not
hypertensive [10, 11]. A mechanistic role for cytokines in the development of hypertension
has been confirmed in studies utilizing experimental animal models, where blockade of
TNF-a reportedly attenuates or delays the development of hypertension caused by chronic
angiotensin Il infusion [12-14], mineralocorticoid-induced hypertension [15], and salt-
sensitive hypertension [16]. A mechanistic role for IL-6 in angiotensin I1-mediated
hypertension was demonstrated using IL-6 knockout mice [17], and there is data pointing to
a role for the proinflammatory cytokine IL-17 in angiotensin-mediated hypertension as well.
For example, T cells from angiotensin I1-infused mice produce and release more 1L-17, and
IL-17 knockout mice are protected from angiotensin ll-induced hypertension [18]. In
addition, data from the LaMarca laboratory indicate that infusion of IL-17 into normal
pregnant rats leads to chronic increases in blood pressure [19] and that blocking I1L-17
activity with the soluble receptor to the cytokine prevents pregnancy-induced increases in
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blood pressure [20]. Although the mechanisms for IL-17-induced hypertension remain
unclear, there is some evidence suggesting that IL-17 promotes hypertension by reducing
endothelial nitric oxide synthase [21]. Interestingly, IL-17 is an important factor in the
development of autoimmune-induced tissue injury.

Inflammatory cytokines are produced by a variety of different cell types, including those of
the adaptive immune system, and several lines of evidence support a role for adaptive
immunity in the pathogenesis of hypertension in humans. The use of mycophenolate mofetil
(MMF), an immunosuppressive therapy that depletes B and T cells, has been reported to
lower blood pressure in small clinical studies of patients with hypertension and chronic
kidney disease [22, 23]. Mechanistic insight for the beneficial effects of MMF has been
obtained in studies using experimental models of hypertension including angiotensin 11 [24,
25], salt-sensitive [26-30], mineralocorticoid-induced [31], spontaneously hypertensive [32,
33], and several others [34-36]. These studies generally show that MMF protects against
renal and vascular infiltration of the T cells and macrophages that promote tissue injury and
inflammation, and they support a role for adaptive immune system activation in the
development of hypertension.

While the studies described above clearly support a role for adaptive immunity, seminal
work from Guzik et al. provided definitive evidence that specifically T cells, and not B cells,
are essential for the development of angiotensin l1-mediated hypertension in mice [12]. In
these studies, recombination activating gene (rag)-1 knockout mice lacking both T and B
cells were infused with angiotensin Il, and the hypertensive response was blunted. In order
to determine the role of specific cell types in the development of angiotensin Il
hypertension, they adoptively transferred T cells into one subset of animals and B cells into
another. The results demonstrated that T cells, and not B cells, restored the increases in
blood pressure due to chronic infusion of angiotensin Il. An important role for T cells in
angiotensin Il-induced and salt-sensitive hypertension has been subsequently confirmed by
others using mouse and rat models of hypertension [25-28, 30, 36—-40]. More recently,
significant progress has been made toward understanding the role of specific T cell subsets
in blood pressure regulation, including T helper 17 (Th17) cells [18], T regulatory cells [41],
and cytotoxic T cells (CD8+) [42]. Based on these studies, a general model for the
involvement of T cells and adaptive immunity in hypertension has emerged. This model
predicts that a physiological stressor like angiotensin 11 or chronic high salt causes local
injury, resulting in the release of neoantigens that initiate an adaptive immune response and
contribute to sustained hypertension [43-45]. The involvement of self-antigens suggests the
possibility that loss of tolerance and autoimmunity can be an underlying factor in the
pathogenesis of hypertension.

Evidence for autoimmunity in the development of hypertension

A loss of immunological tolerance to self-antigens was initially characterized as a “horror
autotoxicus” by Paul Ehrlich, the 1908 Nobel Laureate in Physiology & Medicine, and is
now commonly referred to as autoimmunity. Autoimmunity is a contributing factor in over
80 different disorders that collectively impact 4-7% of the population in the United States.
Importantly, cardiovascular disease and hypertension are prevalent in some of the most
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common autoimmune disorders, including rheumatoid arthritis and systemic lupus
erythematosus (SLE) [46-50]. T cells have a central role in the development of autoimmune
disorders, in part through the production of proinflammatory and immunomodulatory
cytokines and by promoting antibody production from B cells through a process called T
cell help.

The work of Rodriguez-Iturbe and colleagues has significantly advanced the concept that
autoimmunity can underlie the development of hypertension, particularly salt-sensitive
hypertension. They hypothesize that heat shock protein (HSP) 70, a chaperone protein
capable of inducing an immune response, is an important antigen that promotes salt-
sensitive hypertension [51, 52]. The idea is based on evidence that HSP70 is increased in
patients with essential hypertension and that renal expression of HSP70 is increased in
animal models of hypertension [35, 53]. Furthermore, HSP70 is thought to contribute to the
pathogenesis of hypertension because it induces proliferation of T cells from saltsensitive
animals [51].

In an elegant set of studies, Pons et al. determined that HSP70 was, indeed, a contributing
factor in the development of salt-sensitive hypertension [52]. Briefly, animals were made
salt-sensitive by inhibiting nitric oxide synthase with L-NAME, and then hypertensive by
subsequently placing the animals on a high-salt diet. They demonstrated that increasing
immune tolerance to HSP70 in salt-sensitive animals prevented the development of
hypertension and that adoptive transfer of T cells, but not B cells, from HSP70-tolerized rats
corrected salt-sensitive hypertension. In addition, they determined that renal delivery of the
HSP70 gene (via plasmid) to normal animals that were previously sensitized to HSP70
enhanced the blood pressure response to high-salt diet. Taken together, these data provide
strong evidence for the role of HSP70 as a neoantigen that initiates an immune response and
contributes to salt-sensitive hypertension.

It is worth noting that recent work implicates a potential role for dietary salt in the
promotion of autoimmunity. This concept is supported by data showing that short-term (up
to 3 weeks) increases in dietary salt exacerbate autoimmune disease progression in an
animal model of multiple sclerosis (experimental autoimmune encephalitis, EAE). While
there was no impact of dietary salt on blood pressure in this study, the effects to promote
EAE were attributed to induction of T helper 17 cells via increased expression of serum/
glucocorticoid-regulated kinase 1 (SGK1) [54, 55]. Recall that Th17 cells and IL-17 have
been implicated in experimental hypertension [18-21]. Whether high-salt-induced activation
of the immune system can contribute to hypertension in human and experimental
hypertension has not been extensively examined. Studies from our own laboratory show that
a shortterm (4-week) high-salt diet does not exacerbate autoantibody production or further
increase blood pressure in a hypertensive mouse model with the autoimmune disorder
systemic lupus erythematosus (SLE) [56]. However, one limitation is that the study was
conducted in adult mice at an age when blood pressure is already moderately increased (10
mmHg) and antibodies are present. Therefore, the impact of long-term dietary salt on
immune system activation and the pathogenesis of autoimmune diseases, like SLE, that are
associated with hypertension remain to be tested.
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Examining mechanisms of increased blood pressure that occur with autoimmunity can fill an
important niche in the field of hypertension research. While published work clearly shows
the importance of T cells, and not B cells, in experimental models of angiotensin 1l and salt-
sensitive hypertension, it is important to recognize that many individuals with hypertension
do not have elevated circulating angiotensin Il or blood pressure that is sensitive to changes
in dietary salt. In addition, a growing body of evidence suggests an association between
humoral (antibody-mediated) immunity and human hypertension. Therefore, the remainder
of this review will discuss evidence for B-cell involvement in human hypertension and the
utility of studying an experimental model of autoimmunity to understand the link between
immune system activation and hypertension.

Evidence for antibody-mediated immunity in the development of

hypertension

An association between humoral immunity and hypertension has been recognized for many
years through clinical studies showing increased circulating autoantibodies in patients with
hypertension. For example, Kristensen and colleagues reported an increase in 1gG and IgM
antibodies in patients with essential hypertension [57, 58]. In addition, Gudbrandsson and
colleagues showed increases in antinuclear antibodies consistent with systemic autoimmune
disorders in patients with essential hypertension [59]. Whether activation of the humoral
immune response contributes to the hypertension in these patients remains to be determined.

While it remains unclear whether these nonspecific antibodies are pathogenic in
hypertension, a role for specific activating antibodies has been reported. There is evidence
that agonistic antibodies of the al-adrenergic receptor, p1-adrenergic receptor, and
angiotensin type 1 (AT1) receptor are mechanistically involved in cardiovascular disorders,
including hypertension. For example, removal of pathogenic al-adrenergic receptor
antibodies in patients with refractory hypertension was shown to reduce blood pressure [60].
Other evidence suggests that antibodies to the f1-adrenoreceptor in the heart are associated
with dilated cardiomyopathy [61], and that AT1 receptor antibodies are linked with
preeclampsia and renal allograft rejection [62, 63]. Taken together, these data strongly
support the suggestion that humoral immune system activation can contribute to the
pathogenesis of hypertension.

Systemic lupus erythematosus: an important disease model to study the

link between immune system activation and hypertension

SLE is an autoimmune disease that predominantly affects women of reproductive age, with
an estimated prevalence of between 20-200/100,000 people worldwide [64-66]. SLE
involves multi-organ inflammation resulting from adaptive immune system activation in
response to self-antigens and the subsequent production of autoantibodies (commonly
antinuclear). Different T cell subsets have important roles in the development of
autoimmune diseases by promoting B cell production of autoantibodies as well as by the
release of inflammatory cytokines. T helper 2 cells are implicated in humoral-mediated
immunity, while T helper 1 cells release IFN-y, which activates macrophages and elicits
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local inflammation and TNF-a production. T helper 17 cells also contribute to autoimmunity
through the release of IL-17, which can also increase TNF-a production. A primary site of
tissue injury in SLE is the kidney, where immune complexes consisting of nuclear antigens
and 1gG antinuclear antibodies deposit in the glomerular basement membrane, triggering
macrophage infiltration and inflammatory response. The leading cause of mortality among
SLE patients is cardiovascular disease, and for reasons that are not completely understood,
there is a significantly higher prevalence of hypertension among these patients when
compared to healthy age-matched females [49]. Interestingly, many of the elements of
immune system activation that have been implicated in human and experimental
hypertension (i.e., cytokines, T cells, antibodies) are known mediators of autoimmune
diseases like SLE. Therefore, a deeper understanding of the pathogenesis of hypertension
during SLE will likely advance the overall field of hypertension research with respect to
underlying immune mechanisms of the disease.

Experimental animal models of SLE have been widely used to understand mechanisms of
autoimmunity and the development of lupus nephritis. One model, in particular, that may be
informative for studying the link between autoimmunity and hypertension is the female
NZBWF1 mouse, a model of SLE generated by crossing New Zealand Black (NZW) and
New Zealand White (NZW) inbred strains. The resulting F1 offspring produce the double-
stranded (ds) DNA autoantibodies that are characteristic of human SLE and develop
immune complex-mediated glomerulonephritis. In addition, the disease progression occurs
at an earlier age and is more severe in female mice, thus modeling the strong female bias
that is present in human SLE. Importantly, these mice develop hypertension that coincides
with the increase in autoantibody production [56, 67-70]. The hypertension in this model is
also associated with low plasma renin [71], and we reported that blood pressure is not
sensitive to salt, at least in response to a relatively short-term dietary salt increase in adult
female mice [56]. Therefore, this is a genetic model of hypertension with a suppressed
renin-angiotensin system (consistent with most essential hypertensive patients) that is
strongly associated with immune system activation. Factors that contribute to the
hypertension in this model include vascular endothelial dysfunction, impaired renal
hemodynamics (i.e. attenuated renal blood flow and increased renal vascular resistance), and
renal inflammation [56, 72-74]. To illustrate the importance of renal inflammation in SLE-
associated hypertension, our laboratory showed that mice treated with the TNF-a antagonist
etanercept had lower blood pressure compared with vehicle-treated animals [70]. The lower
blood pressure was associated with reduced renal cortical macrophage infiltration, NFxB
activation, and oxidative stress. In a subsequent study, we demonstrated that treatment with
antioxidants protected against the development of hypertension and renal injury
(albuminuria) in the same SLE mouse model [67]. Whether renal NFkB activation, specific
immune cell subsets (i.e., T and B cells), and autoantibodies contribute mechanistically to
the impaired renal function and hypertension during SLE is not clear. In order to begin to
address these issues, we recently conducted preliminary studies to directly test whether
humoral immunity underlies the hypertension associated with SLE. Based on the evidence
linking autoantibody production with hypertension in humans, we hypothesized that
preventing autoimmunity in this model would stop the development of hypertension. In
order to test this, we administered a monoclonal antibody to CD20 to in order to deplete B
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cells. We found that B-cell depletion prior to the onset of SLE prevented the hypertension
and renal injury in mice with SLE, and thus directly supports the concept that autoimmunity
and the production of antibodies is an important factor in the development of hypertension
[75]. In addition to targeting B cells, we also have preliminary results suggesting that
inhibition of T cells in SLE mice with established renal injury attenuates the further
progression of hypertension [76]. Taken together, these data show that that the humoral
immune system activation and renal inflammation that are hallmarks of SLE have an
important causal role in the associated hypertension. Going forward, it will be important to
investigate the importance of specific adaptive immune cell subsets and the role of specific
cytokines and inflammatory signaling pathways on renal function in order to better
understand the link between autoimmunity and blood pressure control.

Conclusions and perspectives

The major goal of this review was to highlight some of the key evidence, both historical and
recent, that implicates immune system activation in the pathogenesis of hypertension. A
summary of studies implicating a role for immune system activation in human hypertension
is shown in Table 1. A significant amount of the published work has emphasized the
importance of T-cell subsets and specific inflammatory cytokines in both human and
experimental hypertension. However, there is a growing body of evidence that the loss of
immune tolerance and the production of autoantibodies associated with autoimmunity can
have a pathogenic role for hypertension as well. Autoimmune disorders, including SLE,
rheumatoid arthritis, psoriasis, scleroderma, and systemic sclerosis, are associated with
prevalent hypertension and many elements of immune system activation (i.e., T cells,
autoantibodies, macrophage, cytokines) reported using models of angiotensin Il and salt-
sensitive hypertension. In future studies, it will be particularly informative to include
experimental models of autoimmunity with associated hypertension when examining the
link between immune system activation and blood pressure control.
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Evidence supporting arole for immune system activation in human
hypertension

Restoration of T cell counts in patients with HIV increases the prevalence of hypertension

Anti-kidney antibodies are present in the sera of hypertensive patients

Immunosuppressive therapy lowers blood pressure in hypertensive patients

Proinflammatory cytokines/mediators positively correlate with blood pressure

Circulating CD8+ T cells are increased in hypertensive patients

Renal lymphocyte infiltration is increased in patients with hypertension

Circulating heat shock proteins, known immune modulators, are increased in hypertensive patients

Circulating autoantibodies are increased in patients with essential hypertension, refractory hypertension, and preeclampsia
Immunoadsorption of pathogenic autoantibodies lowers blood pressure in hypertensive patients

The prevalence of hypertension is increased in patients with immune-mediated diseases (i.e., systemic lupus, rheumatoid
arthritis, psoriasis, scleroderma).
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