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Emerging evidence has supported a role of inflammation and immunity in the genesis of hypertension. In humans and
experimental models of hypertension, cells of the innate and adaptive immune system enter target tissues, including vessels and
the kidney, and release powerful mediators including cytokines, matrix metalloproteinases and reactive oxygen species that cause
tissue damage, fibrosis and dysfunction. These events augment the blood pressure elevations in hypertension and promote end-
organ damage. Factors that activate immune cells include sympathetic outflow, increased sodium within microenvironments where
these cells reside, and signals received from the vasculature. In particular, the activated endothelium releases reactive oxygen
species and interleukin (IL)-6 which in turn stimulate transformation of monocytes to become antigen presenting cells and produce
cytokines like IL-1B and IL-23, which further affect T cell function to produce IL-17A. Genetic deletion or neutralization of these
cytokines ameliorates hypertension and end-organ damage. In this review, we will consider in depth features of the hypertensive
milieu that lead to these events and consider new treatment approaches to limit the untoward effects of inflammation in

hypertension.

Journal of Human Hypertension (2022) 36:503-509; https://doi.org/10.1038/s41371-021-00627-z

INTRODUCTION

Hypertension is the leading cause of mortality and the major risk
factor for myocardial infarction, heart failure, kidney damage, and
stroke. The recent American College of Cardiology and American
Heart Association recently classified hypertension as a systolic
blood pressure >130 mmHg and a diastolic blood pressure of >80
mmHg [1]. These new guidelines classify nearly half of the adult
population as hypertensive. Moreover, almost half of patients
diagnosed with hypertension are not adequately controlled,
despite current therapies. The physiologic mechanisms underlying
the development of hypertension are diverse and include renal
dysfunction, vascular dysfunction and central neural mechanisms
[2]. In addition it has become increasingly evident that inflamma-
tion and activation of both innate and adaptive immune cells
contribute to this disease [3]. Immunity and inflammation are
complex physiological and pathophysiological processes that
involve numerous cell types and secreted factors that play a
critical role in hypertension [4]. In this review we will focus on the
effects of innate immunity on multiple organ systems and the
development of systemic hypertension.

INFLAMMATION AND HYPERTENSION

For more than 50 years, immune cells have been implicated in
hypertension. Lymphocytes and macrophages have been
observed in the kidneys and blood vessels of hypertensive
humans and in animals with experimental hypertension since the
1960s (for review see Norlander et al. [5]). Over the last two
decades, there has been expanding interest in the role of immune

cells and the cytokines produced by these cells in the develop-
ment of hypertension. Recombinase activating gene 1 (RAGT)
deficient mice, which lack both T and B cells, are protected from
angiotensin Il (ang Il)-induced hypertension [4]. Likewise Crowley
and colleagues demonstrated that the SCID (severe combined
immunodeficiency) mouse, another model lacking T and B cells,
are similarly protected [6]. Moreover, deletion of RAG1 in Dahl salt-
sensitive (Dahl SS) rats prevented the increase in systolic blood
pressure in response to high salt feeding [7]. Pharmacological
blockade or genetic deletion of T cell co-stimulatory receptors
markedly inhibited both ang Il and Deoxycorticosterone Acetate
(DOCA)-hypertension [8]. Likewise, deletion of CD70, important for
memory T cell formation, prevents recurrent episodes of experi-
mental hypertension [9]. Caillon et al. demonstrated that genetic
or pharmacological deletion of gamma delta T cells ameliorated
the hypertensive response and vascular dysfunction caused by
ang Il infusion [10]. These innate-like T cells usually lack CD4 and
CD8 and do not respond to MHC | and MHC Il specific antigen
presentation. Studies such as these have emphasized the
importance of the immune cells in the development of hyperten-
sion and its associated end-organ damage.

The mechanisms by which immune cells contribute to
hypertension are multifactorial. These cells release powerful
mediators, including reactive oxygen species (ROS), matrix
metalloproteinases and cytokines that have profound effects on
the tissues they invade. Cytokines including interleukin (IL)-17A, IL-
6, and IL-1P3 potentiate the development of hypertension. Madhur
et al. showed that serum levels of IL-17A are significantly
increased humans with hypertension compared to those without,
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that the T cell production of IL-17A is increased in ang Il infused
mice. IL-17A deficient mice were found to be protected from
endothelial cell dysfunction and hypertension caused by chronic
infusion of ang Il [11]. Likewise, immunoclearing of IL-17A but not
IL-17F reduced blood pressure in ang ll-infused mice [12]. In this
study both Th17 and y&T cells were found to produce equal
amounts of IL-17A during ang Il hypertension [12]. In a
subsequent study, Norlander et al. demonstrated that IL-17A
stimulates sodium and water retention via acting on several
sodium transporters within the kidney [13]. Nquyen et al. showed
that IL-17A promotes inhibitory phosphorylation of the endothe-
lial nitric oxide synthase, reducing endothelial production of nitric
oxide, and when infused in mice, causes hypertension [14]. In
keeping with these findings, IL-17A infusion has been shown to
augment the hypertensive response to ang Il infusion [15]. Luther
et al. demonstrated that ang Il infusion for 3 h increased plasma IL-
6 levels in humans and this was inhibited by treatment with
spironolactone, suggesting a role of aldosterone in this response
[16]. Moreover, mice that lack IL-6 develop blunted hypertension
in response to chronic infusion of ang Il [17]. A potent cytokine
produced by myeloid cells that contributes to the development of
inflammation associated with hypertension is IL-13. Alexander
et al. performed next generation RNA sequencing of monocytes
from normotensive and hypertensive humans and found a
significant increase in ~60 genes related to IL-1B in the
hypertensive subjects [18]. They demonstrated that lactoferrin,
peptidoglycan recognition protein 1, and IL-18 receptor accessory
protein (IL18RAP) are elevated in peripheral blood monocytes of
hypertensive subjects compared to normotensive individuals [18].
These studies demonstrated the potential importance of immune
cell-derived cytokines in augmenting the development of
hypertension and its associated inflammation in end-organs.

ROS also seem to activate myeloid cells in hypertension and in
turn are produced by these cells to become mediators of tissue
damage and dysfunction. Several studies have demonstrated that
genetic deletion of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase subunits, p47ph°X, Nox1 or Nox4 in mice prevent
the development of hypertension. Landmesser et al. showed that
mice lacking p47°", a subunit of NADPH oxidase, prevented the
development of vascular superoxide production and blunted the
development of hypertension in response to ang Il infusion [19].
Transgenic overexpression of p22°"**, the small membrane bound
docking subunit of cytochrome b558 leads to age-related hyperten-
sion [20], and augments hypertension in response to ang Il [21].
Likewise, overexpression of Nox1 potentiates hypertension and
vascular remodeling in experimental hypertension [22]. while
deletion of Nox1 protects against these phenomena [23, 24]. There
is an interplay between the NADPH oxidase and other sources of
ROS, such that ROS produced by the NADPH oxidase seem to
activate further ROS production by the mitochondria, uncoupled
nitric oxide synthases and xanthine oxide [25].

The predominant product of the NADPH oxidases is superoxide,
formed by a one-electron reduction of molecular oxygen. Super-
oxide is very short-lived and charged and therefore unlikely
reaches adjacent cells. In contrast, downstream products of
superoxide, including hydrogen peroxide, peroxynitrite and lipid
peroxides are longer lived and clearly can diffuse to other cells
and have potent biological effects. A particularly important role of
ROS in post-translational modification of proteins. Our group
demonstrated that hypertension is associated with accumulation
isolevuglandins (isoLGs) in antigen presenting cells [26]. IsoLGs are
products of lipid peroxidation that covalently react with lysines on
self-proteins, and there is substantial evidence that these modified
proteins act as neoantigens. IsoLG adducted peptides are
presented in the context of major histocompatibility complexes
and stimulate subsets of both CD4* and CD8™ T cells. Unlike wild-
type mice, mice lacking the Nox2 subunit of the NADPH oxidase
did not develop isoLGs within dendritic cells (DCs). It is also likely
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that the NADPH oxidase in other cells can modify proteins that are
ultimately phagocytosed by professional antigen presenting cells.
In keeping with a role of isoLGs and the NADPH oxidase in
immune activation overexpression of p22ph°" significantly
increased renal and vascular accumulation of activated CD4"
and CD8™ T cells. In parallel experiments, we found that mice with
specific deletion of superoxide dismutase 3 in vascular smooth
muscle cells had aortic stiffening by 6 months of age and
significantly elevated blood pressure by 9 months of age
compared to appropriate controls, indicating that defects ROS
scavenging can also contribute to immune activation [20]. Taken
together, these studies demonstrate that ROS contributes to the
pathogenesis of hypertension and its associated inflammation.

INNATE IMMUNITY IN HYPERTENSION

Seminal studies have investigated the role of innate immunity,
specifically monocytes and macrophages in antigen presentation
to T cells and the production of cytokines in hypertension. Ciuceis
et al. demonstrated that Op/Op mice, that lack the macrophage-
colony stimulating factor (m-CSF), and therefore exhibit a
deficiency of myeloid cells, are protected from the rise in blood
pressure, endothelial dysfunction and oxidative stress caused by
ang |l infusion [27]. In another study, ablation of myeloid cells
expressing lysozyme M™ cells in mice prevented the raise in
systolic blood pressure in response to ang ll-induced hypertension
and abrogated both vascular smooth muscle and endothelial
dysfunction through a reduction in the production of superoxide
[28]. In a subsequent study, Kossmann et al. showed that deletion
of monocytes in mice completely prevented the hypertension
caused by ang I, attenuated endothelial nitro-oxidative stress and
endothelial nitric oxide synthase (eNOS) uncoupling [29]. As
discussed above, we discovered that during hypertension, DCs
accumulate highly reactive isoLG-adducts to T cells that promote T
cell activation, proliferation and end-organ inflammation [26]. We
also found that adoptive transfer of DCs from hypertensive mice
to naive recipient mice augmented the raise in blood pressure in
response to infusion of a suppressor dose of ang Il and this could
be prevented if the donor mice were treated with the isolLG
scavenger 2-hydroxybenzilamine (2-HOBA). Moreover, DCs from
hypertensive mice produce copious amounts of proinflammatory
cytokines including IL-1B, TNFa, IL-6, and IL-23 and skew CD8"
T cells to produce IFN-y and IL-17 [26]. This study demonstrated
the critical importance of monocyte-derived DCs in the promotion
of hypertension and end-organ damage.

In depth phenotyping of myeloid cells using single cell RNA-
sequencing or mass cytometry by time of flight (CyTOF) have
identified new subsets of these cells that likely contribute. Some
macrophages and DCs are derived during in utero development
and take residence in peripheral tissues, where they exhibit self-
renewal [30]. These tissue resident cells seem to have an anti-
inflammatory, tissue patrolling role. In contrast, there are
inflammatory macrophages and DCs that are monocyte derived.
Traditionally, it was thought that when monocytes enter
peripheral tissues via endothelial diapedesis, they transform into
either DCs or macrophages [31]. Jakabuzick et al, however,
demonstrated that monocytes can enter and remerge from
peripheral tissues with minimal differentiation. These experienced
monocytes appear to be efficient in presenting antigen and
exhibit proinflammatory surface markers.

Our laboratory and others have demonstrated have identified at
least 3 mechanisms that are likely involved in the activation of
myeloid cells [32-34]. First, myeloid cells receive signals including
physical interaction, chemokines, and cytokines from an activated
endothelium. Second, myeloid cells encounter high sodium
microenvironments, such as the renal medulla and papilla. Third,
central nervous system activation drives sympathetic outflow to
numerous organs including the spleen, kidney, and vasculature.
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ACTIVATION OF INNATE IMMUNE CELLS

In a seminal study Randolph et al.,, showed that the endothelium
activated by either LPS, Zymosan, or IL-13 can promote
conversion of monocytes to DCs [31]. Although the roles of LPS
and zymosan in hypertension are not clear, a factor that can
activate the endothelium in hypertension is increased mechanical
stretch. Our group recently demonstrated that human aortic
endothelial cells (HAECs) undergoing uniaxial cyclical hypertensive
stretch (10% stretch; 1 Hz) for 48 h released factors that promoted
the conversion of human classical monocytes (CD14**/CD167) to
a proinflammatory intermediate monocyte phenotype (CD14%/
CD16" ") [32]. This conversion was prevented by either co-
treatment with catalase or neutralization of IL-6, implicating these
mediators in this process. Moreover, monocytes activated by
endothelial cells undergoing hypertensive stretch produce
copious amounts of the proinflammatory cytokines IL-6, IL-1[3,
IL-23, and TNF-a and potently drive T cell proliferation from the
same human subjects (Fig. 1). Of interest, 10% HAEC stretch
promoted acquisition of CD209 (DC-SIGN), which is expressed on
DCs and activated macrophages, demonstrating a critical role of
monocyte-derived DC activation in a translational in vitro model of
hypertension [32]. Of note, we also found that the percent of
circulating intermediate monocytes is increased in hypertensive
compared to normotensive humans.

Another key stimulus in the activation of innate immune cells is
exposure to high sodium microenvironments. It has recently been
suggested that sodium concentrations in peripheral tissues may
reach substantially higher levels than those in plasma. In recent
studies it has been demonstrated in a model of chronic renal
failure, 5/6th nephrectomy, there is a significant increase in the
Na™ and K™ concentration in the skin due to increased renal
excretion of water, leading to vasoconstriction of the vasculature
and increased blood pressure [35]. In a model of psoriasis, there is
vasoconstriction of the dermal microcirculation that occurs to
prevent transepidermal water loss that promotes the elevation of
arterial blood pressure [36]. Importantly, hypertension promotes
the accumulation of myeloid cells, including monocytes, macro-
phages and DCs in the renal medulla, where interstitial
concentrations of sodium normally reach 800-1200 mMol/L. Our
group demonstrated that sodium enters DCs via a variant of the
epithelial sodium channel (ENaC), composed of alpha and gamma
ENaC subunits. Once in the DC, sodium is rapidly exchanged for
calcium, and calcium in turn activates the NADPH oxidase,
promoting ROS production and isoLG formation in these cells
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Fig. 1 The effect of hypertensive endothelial stretch on monocyte
activation. Endothelial cells under physiological stretch (5%) release
nitric oxide (NO) that inhibits the conversion of classical monocytes
(CD14%7) to the intermediate monocyte phenotype (CD14% CD16™™).
During hypertension, endothelial cells undergoing increased stretch
which releases hydrogen peroxide (H,0,) and proinflammatory
cytokines including IL-6 that promotes the formation of CD14%"
monocytes to the proinflammatory CD14" CD16"" monocytes and
monocytes expressing CD209, a classical dendritic cell (DC) marker. In
turn these proinflammatory cells potently drive both CD4" and CD8"
T cell proliferation.
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[33]. Modestly elevated levels of extracellular sodium also
promoted production of proinflammatory cytokines including
IL-6 and IL-1 in DCs. An important step in this process is
activation of the serum-glucocorticoid kinase-1 (SGK1), which
modulates protein levels of the ENaC. In keeping with this, we
recently showed that mice lacking SGK1 in DCs had a marked
reduction of the ENaC alpha and gamma subunits and were
protected against salt-sensitive hypertension, vascular dysfunc-
tion, and renal inflammation, demonstrating a critical role of SGK1
in regulation of antigen presentation [37]. In a related study, we
recently demonstrated that human monocytes accumulate isoLG-
adducts upon exposure to modestly elevated concentrations of
sodium [34]. Exposure to high salt upregulated markers of
activation, including co-stimulatory molecules CD83 and CD86,
and the production of proinflammatory cytokines IL-1f3, TNFa and
IL-6 compared to normal salt. We also found that salt feeding of
immunodeficient (NOD-scid IL2Ry null; NSG) mice that had been
adoptively transferred with human T cells led to proliferation of
these cells (a consequence of T cell activation) only if monocytes
had also been adoptively transferred [34]. T cell proliferation was
not observed in these mice if monocytes were not present, nor if
they were fed a low salt diet, indicating the sodium must act via
these myeloid cells to promote T cell activation (Fig. 2). When fed
a high salt diet, Dahl SS rats have a significant increase in
macrophages infiltrating the kidney compared to Sprague Dawley
and SSBN13 controls [38]. The majority of these macrophages
exhibit a proinflammatory M1-like macrophages phenotype. These
studies demonstrate that myeloid cells encountering a high
sodium microenvironment drive monocyte, DC, and macrophages
activation to promote hypertension and end-organ damage.

A potential mechanism of the action of high salt diets is via
changes in the microbiome. The gut microbiome, comprised of
trillions of microbes, regulates both physiological and pathophy-
siological states [39]. It is now clear that these release metabolites
and genetic material that impact systemic responses including
blood pressure, immunity, vascular function, and the sympathetic
nervous system. Wiick et al. showed that salt feeding of mice
depleted the gut microbiome of Lactobacillus murinus and the
loss of this species induced Ty17 cells. Treatment of mice with
Lactobacillus murinus prevented hypertension caused by excess
salt intake. Likewise, these investigators showed that salt feeding
reduced the human gut microbiome of Lactobacillus species,
induced Ty17 cells and raised blood pressure. Ferguson et al.
showed that humans that consume excess salt have altered gut
microbial levels of Firmicutes, Proteobacteria and Prevotella
bacteria. These investigators also showed that salt feeding of
mice induced intestinal inflammation, increased intestinal Firmi-
cutes and decreased Prevotella species. Fecal transfer from salt fed
mice to germ-free mice primed hypertension in response to a
usually subpressor dose of ang Il in these germ-free recipients [40].
These events were accompanied by accumulation of isoLGs in the
gut wall and increased CD8" T cells within mesenteric lymph
nodes. Of interest, Karbach et al. showed that germ-free mice are
markedly protected against ang ll-induced hypertension [41].
While hypertension was associated with increased vascular
superoxide in normal mice, this was markedly reduced in the
germ-free mice. Likewise, these animals exhibited a striking
attenuation of vascular myelomonocytic infiltration and did not
exhibit the reduction of endothelium-dependent vasodilatation
and elevation of blood pressure observed in wild-type mice.
A mechanism by which the gut microbiota influences physiology
of the host is via production of metabolic byproducts including
short chain fatty acids (SCFAs), which act on G-protein coupled
receptors. Interestingly, Pluznick et al. showed that the olfactory
receptor 78 (OIfr78) is present in the kidney and vessels, and
controls renin release in response to propionate stimulation [42].
Mice lacking OIfr78 exhibited reduced renin release and a lower
blood pressure at baseline as compared to wild type mice.
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Fig. 2 The effect of high salt microenvironments on monocyte
and dendritic cell activation. Monocytes from microenvironments of
high interstitial sodium, including the renal medulla and skin are
activated. These activated monocytes convert to dendritic-like antigen
presenting cells that accumulate the highly reactive isolevuglandins
(isoLGs) and produce copious amounts of IL-1p and potently drive T
cell proliferation. Sodium (Na™) enters the monocyte through the
epithelial sodium channel (ENaC) which is stabilized by serum
glucocorticoid kinase 1 (SGK1) and is exchanged for calcium through
the Na*/Ca®" exchanger (NCX). Intracellular Ca®>" activates PKC and
phosphorylates p47phox, which leads to the activation of the NADPH
oxidase.

Propionate injection was shown to raise BP in wild-type mice, but
to produce hypotension in mice lacking OIfr78. Thus, SCFAs
produced by the gut microbiota likely influence peripheral
vascular and renal receptors to affects blood pressure. Very
recently Nakai et al. analyzed ambulatory blood pressure, fecal
microbiome, plasma and fecal metabolites and expression of their
receptors in normotensive and hypertensive humans [43]. While
they did not observe a difference in microbiome diversity, a
significant alteration of microbial gene pathways was observed.
One of these pathways involved the production of acetyl-CoA,
responsible for production SCFAs. In keeping with this, the
investigators observed an increase in circulating levels of acetate
and butyrate in hypertensive subjects. A striking finding was that
in circulating leukocytes, there was almost a complete absence of
mRNA for the SCFA-sensing receptor GPR43 in hypertensive
subjects, while this was abundant in normotensives. The authors
speculated that this absence of GPR43 might contribute to a
proinflammatory state in hypertensive subjects.

In addition, numerous studies have established a critical role of
sympathetic tone on activation of immune cells in hypertension.
In a recent study, we demonstrated that central sympathetic
outflow is increased salt-sensitive hypertension, and this seems to
be due to activation of prostaglandin E2 receptor (EP3) in the
lamina terminalis of the forebrain [44]. In mice globally deficient
in EP3, the elevations of blood pressure, accumulation of
isoLG-adducts in splenic DCs was reduced as was renal T cell
accumulation and the production of IL-17A and IFN-y during
L-NAME/high salt hypertension. In subsequent experiments.
silencing of EP3 in these forebrain sites by local injection of
shRNA reduced sympathetic outflow in response to high salt and
significantly reduced DC activation and accumulation of isoLG-
adducts [44]. These studies demonstrated a critical role for
increased sympathetic tone, mediated by EP3 receptors in the
forebrain, in activation of DCs during the development of salt-
sensitive hypertension.

SUPPRESSOR CELL ACTIVITY OF MYELOID CELLS

As mentioned in the proceeding sections, various myeloid cells,
including monocytes, macrophages, and DCs promote a proin-
flammatory environment driving the development of hyperten-
sion and inflammation. However, some myeloid cell subsets
orchestrate an anti-inflammatory response, limiting the raise in
blood pressure, inflammation, and end-organ damage. Shah et al.
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demonstrated that myeloid-derived suppressor cells (MDSCs),
prevent the increase in blood pressure and end-organ inflamma-
tion in response to ang Il, L-NG-nitroarginine methyl ester, and
high salt feeding [45]. They further demonstrated that depletion of
MSDCs led to an increase in inflammatory cells and blood
pressure. In keeping with this, Chassion et al, using a
cyclosporine-A model of hypertension showed that adoptive
transfer of MSDCs prevented both renal and vascular inflamma-
tion and improved vascular function [46]. Most recently, Crowley
and colleagues showed that expression of A20 in DCs, an
ubiquitin-editing protein that plays a role in immune system
homeostasis, prevented the elevation in blood pressures and renal
accumulation of activated T cells in a model of ang ll-induced
hypertension [47]. Thus, there appears to be a tolerogenic or
immune inhibitory role of myeloid-derived suppressor cells and
subsets of DCs in hypertension.

INFLAMMASOME AND IL-1B IN HYPERTENSION

A key signaling mechanism which has garnered attention in the
pathogenesis of hypertension is the production of IL-1f and
inflammasome signaling. Factors in the hypertensive milieu,
including the vasoactive molecules ang |Il, aldosterone, and
endothelin-1 are able to activate the NLRP3 (nucleotide oligomer-
ization domain-like receptor family pyrin domain containing 3)
inflammasome [48]. Classical assembly and activation of the
NLRP3 inflammasome occur in response to various stimuli
including pathogen associated molecular patterns (PAMPs),
damage associated molecular patterns (DAMPs), and uric acid
crystals [48]. The NLRP3 inflammasome can also be activated by
adenosine triphosphate (ATP) induced K* efflux or the generation
of reactive oxygen species [49]. Major products of NLRP3
inflammasome are IL-1f and IL-18 [49], which in turn exert potent
inflammatory effects on both immune and non-immune cells
alike. Clinically, polymorphisms in the NLRP3 gene are associated
with elevations in blood pressures, and humans with hypertension
have elevated plasma IL-13 levels compared to normotensive
human subjects [50, 51]. Krishnan et al. recently demonstrated
that the selective NLRP3 inhibitor, MCC950, prevented the
increase in systolic blood pressure, renal inflammation, and renal
fibrosis in salt-sensitive hypertension [52]. Furthermore, mice with
NLRP3 gene deletion were protected against the vascular
inflammation and prevented vascular remodeling in response to
ang ll-infusion [53]. Another study showed leukocytes from human
subjects with hypertension have higher protein levels of NLRP3,
caspase-1, and mature IL-13 compared to healthy control subjects
[54]. A recent secondary analysis of the Canakinumab Anti-
inflammatory Thrombosis Outcome Study (CANTOS) trial showed
that while canakinumab did not lower blood pressure, that there
was a trend for the greatest reduction in major cardiovascular
events, death and myocardial infarction among those in the
highest quartile of blood pressure [55]. In patients with a systolic
blood pressure of 2130 mm Hg at baseline, canakinumab reduced
absolute risk by 3.4%. This reduction in events was approximately
half this (1.8%) in patients with a baseline systolic blood pressure
<130 mm Hg. Although this interaction between Canakinumab
benefit and blood pressure levels was not significant and could
have occurred by chance, this outcome is compatible with the
benefit observed with IL-1B blockade and NLRP inhibition in
experimental studies.

CLINICAL PERSPECTIVES

The realization that inflammation and activation of immune cells
of both the innate and adaptive immune system contribute to
hypertension has provided insight into mechanisms of end-organ
damage that occurs in this disease. It is conceivable that in depth
analysis of circulating immune cells, perhaps using single cell
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sequencing could reveal subsets of patients at greater risk for end-
organ damage. In this regard, Siedlinski et al. recently demon-
strated a positive association between quintiles of lymphocytes,
neutrophils, and monocytes and systolic blood pressure, diastolic
blood pressure, and calculated pulse pressure [56]. Specifically, the
authors found that the strongest correlations were between
neutrophils and monocytes and all three-blood pressure indices
measured in the study suggesting a possible additional stratifica-
tion criterion for hypertensive patients. As demonstrated by Nakai
et al. [43], the ability to leukocytes to sense signals from the gut
might be altered in hypertension and promote inflammatory end-
organ damage. Further in-depth analyses of these cells, their
products and signaling pathways will almost certainly provide
additional insight.

Moreover, the use of anti-inflammatory and immunomodula-
tory therapies has been demonstrated to provide blood pressure
benefits in numerous autoinflammatory disease states. For
instance, Yoshida et al. treated 16 rheumatoid arthritis patients
with the tumor necrosis factor-alpha (TNF-a) inhibitor, Infliximab,
and found a significant reduction in 24-h ambulatory blood
pressure when compared to before treatment [57]. Herrera et al.
investigated the role of mycophenolate mofetil (MMF) on blood
pressure in 140 human subjects with psoriasis or rheumatoid
arthritis. MMF reduced both systolic (152.3 mmHg to 136.6 mmHg)
and diastolic (91.7 mmHg to 82.5 mmHg) during MMF treatment
compared to baseline. Moreover, they found a trend for a
reduction in TNF-a, RANTES, and malondialdehyde (MDA),
implicating a role for renal inflammation and oxidative stress in
the development of hypertension [58]. Lastly, monoclonal
antibodies against IL-17, IL-6, and TNF-a are undergoing clinical
trials for several autoimmune pathologies including systemic
lupus nephritis, psoriasis, and rheumatoid arthritis (Fig. 3). While
these current anti-inflammatory or immune suppressive therapy
will probably not be used in routine cases of hypertension,
targeted treatment that addresses some of the pathways
described in this review might prove helpful, at least in high-risk
individuals. and might in the future prove effective reducing
systemic complications of hypertension. Patient populations with
resistant hypertension, who require 3 or more anti-hypertensive

Dendritic
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/

Macrophage

Infliximab ICanakinumab
{ TNF-o Lymphocyte Proliferation IL-16
and Activation
0080 IMycophenoIate Mofetil
Infliximab Coe O N IL-17 or IL-17
————| TNF-a o117}

Receptor Blockade

HYPERTENSION
CKD

Fig. 3 Potential anti-inflammatory therapies for clinical hyperten-
sion. Numerous hypertensive stimuli (aldosterone, ang Il, endothe-
lial cell stretch, and NaCl) activate the innate immune system
including monocytes, dendritic cells, and macrophages. These
activated cells produce copious amounts of proinflammatory
(IL-1B, TNF-q, etc.) cytokines and present antigen that potently drive
T cell proliferation and activation. The precise orchestration of these
inflammatory events drives immune cell infiltration into target
organs including the vasculature and kidneys which promote the
formation of hypertension. Immunomodulatory therapeutics includ-
ing Mycophenolate Mofetil, and monoclonal antibodies that inhibit
specific cytokine and/or chemokine signals could be potential
therapies for human subjects with uncontrolled hypertension on
anti-hypertensive therapies.
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therapies, could possibly benefit from such therapeutic options as
they are at increased risk for chronic kidney disease, stroke, and
coronary artery disease, and all-cause mortality. Furthermore, as
evident from the blood pressure lowering effects of MMF and TNF-
a blockade, patients in the highest quartile of blood pressure
could possibly benefit from additional anti-inflammatory therapies
reducing hypertension-mediate organ disease. As an example,
small molecules have been developed that effectively scavenge
isoLGs, preventing adduct formation. Such agents have been used
in humans [59], and might in the future prove effective reducing
systemic complications of hypertension.

Another caveat regarding translation of animal model studies to
treatment of humans is worth discussion. Virtually all animal
models involve relatively young mice or rats, and interventions are
usually imposed during the onset of disease. In contrast, we treat
humans who are middle aged or older and who have often had
hypertension for many years. Inflammation during the early
phases of hypertension likely engenders irreversible alterations of
vascular and renal structure that make hypertension permanent
and not amenable to later treatment with anti-inflammatory
approaches. As an example, we have observed vascular fibrosis
occurs after a short period of hypertension in mice, and that this is
not reversed after even after prolonged removal of the
hypertensive stimulus [60]. Likewise, renal damage and fibrosis
can occur as a result of inflammation and is likely irreversible once
established. Thus, early detection and treatment of hypertension,
and use of immune modulatory agents during initial phases of the
disease might be necessary to observe a reduction in blood
pressure. Such interventions might continue to prevent ongoing
end-organ damage even in the absence of blood pressure
lowering.

Summary table
What is known on this topic?

® Cells of the innate and adaptive immune system have been
observed in the kidneys and vasculature of experimental
animals with hypertension and in humans with hypertension
for one-half of a century.

® Recent studies have delineated a role of these cells, and
the cytokines they produce in increasing the blood pressure
elevation in experimental models.

® |n addition to cytokines, these cells also release reactive
oxygen species, matrix metalloproteinases and other factors
that promote tissue remodeling and end-organ damage in
hypertension.

What this review adds?

® We provide a synthesis of existing literature on this topic and
suggest future directions for therapeutic interventions in
hypertension.
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