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Abstract

Accumulating evidence indicates that the immune system plays a critical role in the pathogenesis 

of cardiovascular diseases including hypertension. Mice lacking T lymphocytes are resistant to 

blood pressure elevation, suggesting a key contribution of T lymphocytes to hypertension. 

However, the individual T cell subsets, including CD8+, Th1, Th17, and T regulatory T cells have 

shown widely discrepant effects on blood pressure and target organ damage in this disorder. 

Moreover, the activation state of a T lymphocyte population exerts considerable influence over its 

role in hypertension. In turn, activated T cells regulate blood pressure through the elaboration of 

reactive oxygen species and vasoactive cytokines, altering the inflammatory milieu in the vascular 

wall and the kidney. Recent GWAS studies similarly point to a role for T lymphocytes in human 

hypertension.

Introduction

Hypertension is among the most prevalent chronic diseases, impacting approximately one-

third of the adult population worldwide [1]. The complications of uncontrolled hypertension, 

including stroke, congestive heart failure, and chronic kidney disease, are associated with 

substantial morbidity and mortality. Despite enormous progress in hypertension research, 

the precise etiology of blood pressure elevation remains unknown in the vast majority of 

hypertensive patients. While dysfunction in cardiovascular control centers including the 

kidney, the vasculature, and brain can coordinately contribute to sustained hypertension, a 

role for immune dysregulation to potentiate hypertension has received intense scrutiny in 

recent years. Macrophages and T cells infiltrate in the heart, the vasculature, and the kidney 

during hypertension [2–4]. Enhanced expression of adhesion molecules on the blood vessels 

in these organs contributes to inflammatory cell accumulation by permitting increased 

leukocyte extravasation [4]. In turn, these infiltrating mononuclear cells secrete or induce 

several pro-hypertensive cytokines including IL-6, IL-17, and TNF-α [5,6]. Recently, Guzik 

and Harrison established a role for T lymphocytes in promoting blood pressure elevation in 

seminal adoptive transfer studies [7]. These experiments laid the groundwork for several 
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advances elucidating the mechanisms through which innate and adaptive immunity 

participate in the pathogenesis of hypertension.

T lymphocyte subsets

Diverse subsets of T lymphocytes influence blood pressure through effects on the local 

cytokine milieu within cardiovascular control organs. Naive T cells originate from 

hematopoietic stem cells in the bone marrow and mature in the thymus before migrating to 

peripheral tissues. Based on the expression of key cell surface markers, T lymphocytes can 

be categorized into different subsets with distinct functions [8]. In simplified terms, CD4 

single positive T cells are recognized as T helper cells (Th cells), CD8 single positive T cells 

are considered cytotoxic T cells, and CD1d positive T cells are recognized as natural killer T 

cells. Moreover, once an antigen is presented in the context of a major histocompatibility 

complex (MHC) to the T cell receptor (TCR) on the naive CD4+ T cell, the T cell polarizes 

toward a Th1, Th2, Th17, or T regulatory (Treg)) cell phenotype depending the local 

concentrations specific cytokines. For example, Th1 commitment is triggered by IL-12, the 

Th2 subset is induced by IL-4, Th17 differentiation requires IL-6 and IL-23, and Treg cells, 

characterized by unique immunosuppressive activity, emerge in response to TGF-β1 [9]. 

These T cell subsets then produce their own cocktails of cytokines to regulate surrounding 

inflammatory cells in a paracrine fashion and modulate both vascular reactivity and renal 

sodium handling.

T lymphocytes regulate hypertension

Prior to the emergence of sophisticated molecular methods, biopsy studies revealed that T 

cells figure prominently in the interstitium of the kidneys in patients with severe 

hypertension [3]. However, the notion that T cells contribute to hypertension gained broad 

acceptance when Guzik et al showed that Rag1 knockout mice lacking lymphocytes were 

resistant to Angiotensin II or DOCA-salt induced hypertension and vascular dysfunction and 

that adoptive transfer of T cells but not B cells could restore the hypertensive response [7]. 

Other groups including our own then confirmed this finding in severe combined 

immunodeficiency mice or Rag1 knockout rats, respectively, and found that functional T 

cells potentiate the renal sodium retention and intravascular volume expansion that underpin 

sustained blood pressure elevation [10,11].

Subsequent studies have described the individual roles of the different T cell subsets in 

hypertension. For example, our group found that mice unable to mount a Th1 response due 

to deficiency of the transcription factor, T-bet, had preserved hypertensive responses but 

were protected from renal damage during chronic angiotensin II stimulation [12]. These 

studies suggested that Th1 cells augment hypertensive kidney injury through blood pressure-

independent mechanisms. As Th1 cells are a potent source of IFN-γ, the preserved 

hypertensive response in T-bet-deficient mice is consistent with the normal hypertensive 

response of angiotensin II-infused IFN-γ or IFN-γ receptor deficient mice [13,14].

Th17 cells secrete the proinflammatory cytokine IL-17 and have been implicated in the 

pathogenesis of several autoimmune diseases [15]. Madhur and colleagues found that IL-17 

deficient mice had blunted hypertensive responses to chronic angiotensin II infusion, 
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suggesting that Th17 cells promote blood pressure elevation [16]. By contrast, 

administration of neutralizing antibodies against IL-17 or IL-23, a cytokine that promotes 

and sustains Th17 differentiation, were unable to influence blood pressure in the angiotensin 

II infusion model [14]. Moreover, in the DOCA/salt model of hypertension, IL-17- or IL-23-

deficiency led to exaggerated renal injury, pointing to a protective role for Th17 cells [17]. 

Collectively, these disparate findings indicate that the actions of Th17 cells in hypertension, 

just as in atherosclerosis [18,19], may vary depending on the characteristics of the selected 

model or even the stage of disease at which Th17 cells are studied.

In contrast to pro-inflammatory Th1 and Th17 cells, Treg cells act to suppress cellular 

immune responses. Accordingly, Treg cells suppress atherosclerosis [20], and adoptive 

transfer of Treg cells into hypertensive mice dramatically attenuates the extent of cardiac 

hypertrophy [21]. Similarly, Schiffrin and colleagues demonstrated that CD4+CD25+ Treg 

ameliorate vascular dysfunction and limit blood pressure elevation in response to 

angiotensin II or aldosterone [22,23]. IL-10 is a key effector cytokine produced by Treg 

cells. Consistent with an immunosuppressive function, endogenous IL-10 limits angiotensin 

II-mediated oxidative stress and vascular dysfunction through a blood pressure-independent 

mechanism [24], whereas administration of exogenous IL-10 normalized blood pressure and 

endothelial function in a rodent model of pregnancy-induced hypertension [25]. Thus, as in 

other cardiovascular diseases, T regulatory cells serve a protective function in hypertension 

mediated in part through the actions of IL-10.

The precise role of CD8+ T Lymphocytes in regulating hypertension still requires further 

elucidation. Mice lacking the transcription factor inhibitor of differentiation (Id2) have 

reduced natural killer cells and altered CD8+ T cell memory and were protected from 

angiotensin II-induced hypertension. However, bone marrow transplantation of Id2-

expressing bone marrow cells into Id2-deficient mice could not restore the hypertensive 

response, suggesting that impaired development of CD8+ T memory cells cannot fully 

account for the blood pressure phenotype in this model [26]. On the other hand, CD8-

deficient mice have a blunted hypertensive response, and adoptive transfer of CD8 but not 

CD4+ T cells into Rag1-deficient animals recapitulates a normal blood pressure increase 

during chronic angiotensin II infusion [27]. These latter data clearly implicate CD8+ T cells 

in the pathogenesis of hypertension but still allow that CD4+ T cells could influence blood 

pressure through effects on other inflammatory cell populations. In sum, we are just 

beginning to understand the divergent roles that various T lymphocyte subsets play in blood 

pressure regulation. Additional clarity will emerge as increasing numbers of laboratories 

employ complementary models to interrogate the actions of T cells in hypertension.

Activation of T lymphocytes in hypertension

While the participation of T lymphocytes in the hypertensive response would indicate that 

blood pressure is in part an antigen-driven, autoimmune process, the mechanisms through 

which T cells undergo activation in the setting of hypertension remain an intense area of 

investigation. Complete and specific activation of the T cell requires not only TCR ligation, 

referred to “Signal 1”, but also a co-stimulatory interaction between CD28 on the T cells and 

B7 ligands on the antigen presenting cell, defined as “Signal 2”. Vinh et al demonstrated that 
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blocking these co-stimulatory interactions with an inhibitor or via genetic deficiency of the 

B7 ligands attenuated hypertension and limited perivascular infiltration of T cells [28]. 

Similarly, disrupting Signal 1 through the mutation of a TCR signaling molecule blunted the 

hypertensive response to a salt-loading diet in the Dahl salt-sensitive rat model [29]. These 

experiments indicate that Signals 1 and 2 in T cell activation are both necessary for the 

induction of hypertension.

Initial elevations of blood pressure appear to be an initiating factor for triggering T cell 

activation. For example, induction of hypertension draws inflammatory cells into the kidney 

that promote salt-sensitivity even once the hypertensive stimulus is removed [30]. More 

recently, Marvar found that preventing blood pressure elevation in angiotensin II-infused 

mice by ablating sympathetic outflow from the CNS or by treating with hydralazine also 

abrogated T cell activation and perivascular infiltration [31]. Activation of T cells classically 

requires stimulation of the TCR by an antigen presenting cell, the most potent of which is 

the dendritic cell. In this regard, induction of oxidative stress in these dendritic cells by 

highly reactive gamma-ketoaldehydes (isoketals) enhances their capacity to activate T cells, 

which in turn augment susceptibility to hypertension upon adoptive transfer [32]. This 

important discovery raises the possibility that the neo-antigen that awakens the adaptive 

immune response during hypertension may be an isoketal-modified self-antigen. A high salt 

diet may similarly contribute to the development of hypertension not only by driving 

intravascular volume expansion, but also by favoring Th17 differentiation through MAPK 

signal pathway or inducible salt-sensing kinase SGK1 [33,34]. Collectively these studies 

emphasize the key role of T cell activation in hypertension. Future studies will be critical to 

translate this understanding into precise immunomodulatory interventions that abrogate 

immunity’s contribution to hypertension without prohibitively impairing host defenses 

against invading pathogens.

Mechanisms underlying T lymphocytes’ promotion of hypertension

While global immunosuppression of T lymphocytes may be far too impractical to control 

hypertension, specifically targeting a few key components regulating the T cell’s 

contribution to blood pressure elevation still holds promise. Towards this end, several 

experiments have been conducted to interrogate the mechanisms through which T 

lymphocytes promote hypertension.

Activation of T lymphocytes potentiates hypertension through the induction of reactive 

oxygen species and cytokines. The NADPH oxidase subunit p47phox on the T cells 

contributes to angiotensin II-mediated hypertensive responses [7]. Endogenous production 

of angiotensin II in T cells directly regulates its production of superoxide, that in turn 

enhances elaboration of TNF-α [35], and TNF-deficient mice have blunted hypertensive 

responses to several stimuli, suggesting a critical role for this cytokine in the development of 

hypertension [13,36]. Of note, somatic tissues including cardiovascular control organs also 

synthesis pro-hypertensive cytokines, and these non-T cell-derived cytokines also have the 

capacity to augment blood pressure elevation [13].
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T lymphocytes infiltrate several cardiovascular control organs during hypertension including 

the vasculature and the kidney. The adventitia of the aorta is a major site of T cell 

accumulation in the setting of hypertension. This T lymphocyte infiltration is associated 

with exaggerated aortic stiffness and endothelial dysfunction related to enhanced collagen 

deposition [7]. T lymphocytes also infiltrate the kidney during hypertension, particularly 

around the renal blood vessels [4,37]. Our group found that lymphocyte-deficient scid mice 

were protected from hypertension by permitting pressure-induced sodium excretion, 

possibly via an eNOS- and COX-2-dependent pathway [10]. More recently, Trott et al 

demonstrated that CD8-deficient mice are similarly resistant to acute sodium retention 

during chronic angiotensin II infusion [27].

Thus, T lymphocytes play a unique role in the pathogenesis of essential hypertension by 

integrating regulatory mechanisms across multiple cardiovascular control centers. However, 

determining whether infiltrating T cells cause vascular or renal injury or whether, 

conversely, hemodynamic injury in these organs recruits T cells has been difficult to 

separate. A contribution of both mechanisms seems likely as hemodynamic injury triggers 

inflammatory signaling cascades that, in turn, accelerate organ dysfunction.

T lymphocytes in human hypertension

In contrast to the large body of evidence supporting a role for T lymphocytes in 

experimental hypertension, the contribution of T cells to the pathogenesis of human 

hypertension requires further substantiation. However, testing causality in human studies 

poses a challenge, particularly given the heterogeneity of the disease. As mentioned above, 

early studies confirmed the infiltration of T lymphocytes into the kidneys of patients with 

essential hypertension [3]. In the circulation, patients with hypertension showed an increased 

fraction of immunosenescent CD8+ T cells and enhanced expression of the chemokine 

CXCR3 that recruits T cells into injured organs [38]. Hypertensive patients also have 

increased circulating levels cytokines secreted by T cells, including TNF-α, IL-6, IL-4, and 

IFN-γ-inducible protein [39–41]. Moreover, patients with active systemic lupus 

erythematosus but without renal impairment have an increased frequency of high blood 

pressure compared with patients with inactive lupus and controls, suggesting a role for 

inflammatory responses to promote hypertension in those patients [42]. Inversely, 

hypertensive patients with autoimmune diseases who received treatments that suppress 

lymphocyte proliferation showed improvements in blood pressure control, bolstering the 

notion that targeting the immune system may present a novel approach for antihypertensive 

therapy [43].

Large genome-wide association studies (GWAS) in humans have also demonstrated links 

between hypertension and variants of genes expressed in T lymphocytes. For example, one 

GWAS study identified a variant in CD247 that encodes the CD3ζ chain, which associated 

with levels of blood pressure in over 2,000 hypertensive African and European American 

subjects [44]. Moreover, the Global Blood Pressure Genetics consortium analyzed GWAS 

data from over 30,000 subjects of European ancestry, and found that the immunoreceptor 

signaling molecule SH2B3 (also known as lymphocyte-specific adapter protein, LNK), had 

a missense SNP that segregated with levels of diastolic blood pressure [45]. Finally, the 
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most recent GWAS report revealed an association between hypertension and alleles of 

HLA-DQB1 and NFAT5 in a cohort of nearly 100,000 individuals [46]. These GWAS 

studies further support the hypothesis that T lymphocytes and the immune system contribute 

to the pathogenesis of human hypertension.

Summary

In summary, increasing evidence points to a prominent role for T cells in hypertension. 

However, several outstanding questions remain unanswered. What are the actual neo-

antigens recognized by T lymphocytes in hypertension? How can novel targets in the 

immune system identified through experimental studies be safely translated into therapies 

for human patients with recalcitrant hypertension? With the scientific community 

confronting these questions, future studies will likely reveal a unique set of pharmacologic 

interventions to reduce blood pressure in patients with severe hypertension that has so far 

been resistant to existing therapies.
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Highlights

Mice lacking functional T lymphocytes are protected from hypertension.

Th17 cells augment whereas Treg cells limit blood pressure elevation.

T cell activation by dendritic cells enhances the chronic hypertensive response.

T cells raise blood pressure by causing vascular dysfunction and sodium retention.
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Figure 1. The role of T lymphocytes in hypertension
A neo-antigen presented on the surface of an antigen presenting cell (APC) in the context of 

a major histocompatibility complex (MHC) to the T cell receptor (TCR) on the surface of 

the T lymphocyte triggers (a) secretion of inflammatory cytokines, (b) generation of reactive 

oxygen species (ROS), and (c) activation of surrounding myeloid and lymphocyte 

populations that generate additional ROS and make their own contribution to the cytokine 

milieu. These cytokines and ROS, in turn, modulate blood pressure through effects on 

vascular function and renal sodium handling.
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