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Abstract

Hypertension is the primary cause of cardiovascular mortality. Despite multiple existing
treatments, only half of those with the disease achieve adequate control. Therefore, understanding
the mechanisms causing hypertension is essential for the development of novel therapies. Many
studies demonstrate that immune cell infiltration of the vessel wall, kidney, and central nervous
system, as well as their counterparts of oxidative stress, the renal renin-angiotensin system (RAS),
and sympathetic tone play a critical role in the development of hypertension. Genetically modified
mice lacking components of innate and/or adaptive immunity confirm the importance of chronic
inflammation in hypertension and its complications. Depletion of immune cells improves
endothelial function, decreases oxidative stress, reduces vascular tone, and prevents renal
interstitial infiltrates, sodium retention, and kidney damage. Moreover, the ablation of microglia or
central nervous system perivascular macrophages reduces RAS-induced inflammation and
prevents sympathetic nervous system activation and hypertension. Therefore, understanding
immune cell functioning and their interactions with tissues that regulate hypertensive responses
may be the future of novel antihypertensive therapies.
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Introduction

Hypertension is the most common chronic disease and the major cause of heart failure,
stroke, chronic kidney disease, and mortality in the Western world. About 75 million people
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have high blood pressure, but only about half of these people achieve control.! Evidence for
immune mechanisms contributing to the pathogenesis of hypertension was described a
quarter of a century ago. In a deoxycorticosterone acetate (DOCA)-salt model of salt-
induced hypertension, investigators found an intact thymus was required for hypertension.2
Subsequently, multiple observations in various animal models of hypertension confirmed
immune suppression ameliorates or prevents the development of hypertension.3-12 In
humans, vascular and renal macrophage infiltration correlates with the severity of
hypertension in both Caucasian and African Americans.13 Over the last two decades, several
studies have proposed an independent correlation between systemic inflammation and
increased risk of hypertension and cardiovascular disease.14-18 Therefore, increasing our
understanding of the mechanisms causing hypertension is essential for the development of
novel therapies.

Inflammation and Hypertension

Innate immune responses are rapid and not unique to a specific pathogen. They rely on
phagocytic cells that recognize specific pathogen-associated molecular patterns (PAMPS)
common to many pathogens but are absent from the host and host-derived endogenous
molecules that arise due to cell death and injury [damage-associated molecule patterns
(DAMPs)].19.20 These pathogen-associated molecules activate inflammatory responses and
phagocytosis by neutrophils and macrophages. Both cell types display a variety of cell-
surface pattern recognition receptors (PRR). These include Toll-like receptors (TLRS),
nucleotide-binding oligomerization domain receptors (NOD-like receptors), leucine-rich
repeat (LRR)-containing proteins, retinoic acid-inducible gene (RIG)-like receptors (RLRS),
and C-type lectin receptors (CLRs) which recognize diverse ligands such as
lipopolysaccharide, peptidoglycans, zymosan, bacterial flagellae, CpG DNA, and cell-
surface receptors for the Fc portion of antibodies and for the C3b component of
complement.21-23 Activation of TLRs results in the production of both signaling molecules
such as prostaglandins and cytokines/chemokines primarily through activation of the pro-
inflammatory transcription factor nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB) and the NACHT, LRR, and PYD domains-containing protein 3 (NLRP3)
inflammasome.23-25 These cytokines attract neutrophils, monocytes, and dendritic cells,
thus accelerating phagocytosis, the synthesis of acute-phase proteins, and the initiation of
the adaptive immune system toward either the cell-mediated T helper 1 (Th1) response or
the humoral/antibody T helper 2 (Th2) response. Although short-term inflammation is
necessary for tissue defense, chronic and excessive activation of the innate immune system
results in deleterious maladaptations and chronic inflammatory diseases such as
hypertension.

Monocyte/Macrophages

Monocytes are specialized circulating cells with chemokine receptors and PRRs that
facilitate quick identification and phagocytosis of endogenous bacteria and host-derived
molecules generating proinflammatory cytokines and promoting immune cell recruitment.26
Macrophages are phagocytic resident cells that lead to tissue homeostasis by removing
apoptotic cells and releasing growth factors. Macrophages also contain a wide range of
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PRRs which facilitate phagocytosis and are capable of presenting antigens to T cells by
releasing cytokines and amplifying inflammation.2! Evidence for the critical role of
macrophages in hypertension was shown via induction of hypertension by intravenous
injection of splenic cells from hypertensive deoxycorticosterone acetate (DOCA)-salt-treated
rats into normotensive rats. Biopsy of recipients’ kidneys and heart showed mononuclear
infiltrates in the arterial and arteriolar walls with exudative thickening of the intima, causing
luminal narrowing, resistance to peripheral blood flow, and hypertension suggesting that
activated innate immune cells are sufficient to impart hypertension.2’

Further studies identify various conditions that activate macrophages to cause hypertension,
including the RAS, high salt diet, and vascular NO inhibitors. In rodent models, the
administration of angiotensin (Ang) 11 followed by exposure to a high-salt diet results in
hypertension, cortical vasoconstriction, and increase in renal accumulation of macrophages
and lymphocytes. Both mycophenolate mofetil (MMF) to block vascular and renal
macrophage and lymphocyte infiltrates or selective deletion of leukocyte C-C chemokine
receptor 2 (CCR2) to inhibit MCP-1 induced vascular macrophage recruitment prevents Ang
l1-induced hypertension.28-31 Further studies in congenic osteopetrotic Op/Op mice which
have an inherited deficiency of macrophage colony-stimulating factor and a resultant marked
reduction in monocytes and macrophages have helped to clarify the the mechanistic role of
these immune cells. Homozygous Op/Op mice have a blunted increase in blood pressure,
reduced aortic reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
activity, and decreased relaxation after Ang Il or DOCA-salt stimulation compared to
control mice.32:33 Selective ablation of lysozyme M-positive [LysM(+)] myelomonocytic
cells using Cre-inducible diphtheria toxin receptor transgenic mice LysM(iDTR) reduces the
number of monocytes in the circulation and limits angiotensin ll-induced hypertension and
infiltration of these cells into the vascular wall, while not affecting neutrophils. Adoptive
transfer of wild type monocytes into depleted LysM(iDTR) mice reestablishes Ang 11-
induced vascular dysfunction and hypertension whereas transfer of neutrophils does not,
further supporting activated monocytes cause hypertension.34 Interestingly, recent evidence
suggests a potential contrary role for macrophages in hypertension. In this model, acute salt
loading increases blood pressure and macrophage accumulation in the subcutaneous tissue,
producing vascular endothelial growth factor C and generating lymphocapillary hyperplasia
in order to clear the accumulation of excess sodium in the skin. Macrophage depletion by
clodronate further elevates blood pressure, suggesting an acute protective compensatory
mechanism against the development of hypertension.3® The majority of hypertensive models
suggest activated macrophages are an important driver of hypertension; however, this
unexpected partially protective mechanism needs to be further tested under chronic
conditions to assess its effect on hypertension.

Reactive Oxygen Species in Monocytes/Macrophages

The balance between reactive oxygen species (ROS) production and the antioxidant defense
system determines the degree of oxidative stress. In macrophages, NADPH oxidase is a key
enzyme which produces ROS to eliminate pathogens.3® Ang 11 or mineralocorticoids
stimulate NADPH oxidase production of ROS and cytokines,3” which in turn induces a
proinflammatory immune cell response by activating NF-xB and the NLRP3 inflammasome.
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This cycle of events leads to leukocyte and macrophage activation and more ROS
generation.38-40 Renal tubulointerstitial inflammation increases intrarenal Ang 1 production
inducing ROS generation which scavenges nitric oxide (NO) and causes increased renal
vascular vasoconstriction, sodium reabsorption, and hypertension.#142 Moreover, the role of
tubulointerstitial inflammation and ROS has been supported by multiple studies showing the
amelioration of hypertension with various immunosuppressants and antioxidant therapies.
43.44 Similarly, in the vessel wall, hypertension and atherosclerotic lesions are attenuated by
limiting the burden of superoxide generated by myelomonocytes in ApoE~'~ mice fed a
high-fat diet.*> Conversely, adoptive cell transfer of monocytes in mice with selective
ablation of the LysM-positive myelomonocytic cells increases the Ang ll-induced oxidative
burst by upregulation of NADPH oxidase, causing vascular dysfunction and hypertension.34
These studies suggest macrophage oxidative stress is a critical mechanism underlying the
vascular dysfunction induced by various hypertensive stimuli.

Renin-Angiotensin System and Macrophage Function

Systemic blockade of type 1 angiotensin receptors (AT1R) lowers blood pressure, reduces
progression of renal fibrosis, and improves cardiac remodeling, though the cell types that
mediate these varying tissue-specific effects are not well-defined.46:47 Macrophages express
nearly all components of the RAS. Expression of AT1R, angiotensin type 2 (AT2R)
receptors, and angiotensin-converting enzyme (ACE) activity are increased during
differentiation from monocytes to macrophages.*8 Stimulation of the AT2 receptor by the
selective agonist compound 21 (C21) activates mitogen-activated protein kinases (MAPKS)
and extracellular signal-regulated kinase (ERK-Y2) signaling pathways promote increased
interleukin (IL) 10 secretion, M2 macrophage polarization, and attenuates the macrophage
pro-inflammatory phenotype in response to Ang 11 and lipopolysaccharide (LPS).4%-53 Ang
Il upregulates macrophage Toll-like Receptor-4 (TLR4) expression which elicits activation
of macrophage NF-xB signaling and promotes a pro-inflammatory M1 macrophage with the
release of tumor necrosis factor alpha (TNF-a) and IL-1p via an AT1R-dependent pathway.
54-56 Additionally, Ang 11 infusion stimulates myelopoiesis through AT1R and promotes
accumulation of monocytes with enhanced CCR2 expression in the spleen.>” AT1R
inhibition attenuates CCR2-dependent migration of monocytes isolated from hypertensive
rats; thus, many investigators suggest that Ang Il induces inflammation and hypertension by
stimulating macrophage AT1Rs in target organs.*8 To clarify the role of AT1Rs in immune
cells and hypertension, many investigators have performed bone marrow (BM) transplants
with donors lacking AT1Rs. However, the results are conflicting regarding effects on blood
pressure, atherosclerosis, and renal damage, possibly due to the variable effects of this
receptor in different immune cells and the different models used.58-80 Because these BM
transplant models affect AT1R in all immune cells, subsequent investigators have evaluated
the role of AT1R-specific deletions in myeloid or T cells in hypertension and renal injury.
Results from both types of genetically-modified mice indicate a hypertensive response to
Ang Il that is similar to wild type mice mice, but with accelerated renal leukocyte infiltration
and kidney damage.81:62 These suggest that in contrast to the prohypertensive actions of
systemic AT1R activation, immune cell AT1R activation seems to be protective for renal
injury and may not be essential for the blood pressure changes in hypertensive mouse
models. Interestingly, myeloid-specific MR knockout prevents L-NAME/Ang II-mediated
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cardiac hypertrophy and fibrosis with fewer pro-inflammatory macrophages characterized by
less infiltration into cardiac myocytes, but a persistent increase in blood pressure.83 These
findings illustrate the intricate relationship between the RAS and macrophage phenotype in
the development of hypertension.

The complexity of the interaction between the RAS and macrophages is further seen in mice
overexpressing catalytically active ACE only in myeloid-derived cells, known as ACE 10/10
mice. Macrophages from ACE 10/10 mice develop much higher ACE protein expression
compared to WT littermates. In contrast, neutrophils and dendritic cells marginally
overexpress ACE and expression in T cells and B cells is identical to that of WT cells.%4
Moreover, ACE 10/10 mice have reduced lung ACE and absent endothelial and renal ACE
expression, but plasma ACE levels are similar to WT littermates.® Interestingly, these
animals have normal blood pressure, and a blunted blood pressure response to L-NAME and
Ang Il infusion despite a more robust macrophage pro-inflammatory cytokine response to
lipopolysaccharide.®° In ACE 10/10 mice, the usual accumulation of sodium and water
retention in response to high serum Ang Il is prevented by absent renal ACE expression,
suggesting that the impact of intrarenal RAS overcomes the pro-inflammatory macrophage
phenotype in this unique model.55:66 Qverall, the capability of activated macrophages to
cause hypertension is dependent upon the hypertensive stimuli, interaction with the
remaining immune cells, and compensatory mechanisms of tissues involved in the
hypertensive response (Figure 1).

Neutrophils

Neutrophils are a type of myeloid cell that makes up the highest proportion of circulating
leukocytes. These innate immune cells are the first line of defense for bacterial infection, but
their role in the chronic inflammation associated with hypertension is less well-defined.5”
One promising mechanism by which neutrophils may mediate hypertension is through
myeloperoxidase (MPO). Myeloperoxidase is a member of the superfamily of heme
peroxidases that is expressed predominantly in neutrophils and monocytes and generates
reactive oxidants and radical species that carry out lipid peroxidation. It is enriched in
human atherosclerotic plaques, but may also have a role in hypertension, serving as a
catalytic sink for nitric oxide.58 MPO-generated hypochlorous acid reacts with L-arginine to
produce products that adversely affect endothelial function by inhibiting nitric oxide (NO)
formation and acetylcholine-induced aortic relaxation in animal models.® Hypochlorous
acid has also been demonstrated to modify high density lipoprotein and subsequently
displace endothelial nitric oxide synthase (NOS) from its usual plasma membrane location,
thus attenuating its activity.” Both MPO and hypochlorous acid reduce the availability of a
critical NOS cofactor, NADPH."! These effects were demonstrated in vivo in a murine
model of MPO knockout, where mice were protected from toxemia-induced impairment of
endothelial-dependent vascular relaxation,”? and in a pig model that demonstrated reduced
arterial blood flow in response to MPO injection.”3 These findings suggest a role for MPO in
the control of hypertension and its pathway as a possible target for therapeutic intervention
in hypertension and cardiovascular disease.
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Dendritic Cells

Dendritic cells are bone-marrow-derived cells that can be found in the blood, lymphoid
organs, and tissues. These professional antigen-presenting cells effectively serve as a bridge
between the innate and adaptive immune systems to activate T lymphocytes and modulate
inflammatory responses.”# Classification of dendritic cells can vary but generally consists of
plasmacytoid dendritic cells and 2 classes of conventional dendritic cells, though dendritic
cells can also derive from the monocyte lineage. Several mouse models have demonstrated
the necessity of dendritic cells in the development of Ang Il-responsive hypertension,
including transgenic mice with ablation of CD11-positive dendritic cells and those with
knockout of Fms-like tyrosine kinase 3 ligand that allows for the development of
conventional dendritic cells.”® 7% Interestingly, AT1R seems to influence dendritic cell
differentiation. Deletion of AT1R results in dendritic cells with lower levels of inflammatory
cytokine production and reduced activation in response to lipopolysaccharide,’” suggesting a
critical interaction between dendritic cells and the renin angiotensin system.

Multiple mechanisms have been identified by which dendritic cells affect T cell activation to
influence blood pressure. T cell activation requires not only antigen presentation to the T cell
receptor through a major histocompatibility complex, but also further costimulatory
interaction between the dendritic cell and the T cell. Naive T cell activation requires
costimulation via the interaction of B7 ligands (CD80 and CD86) on dendritic cells with
CD27 on T cells. Ang Il-induced hypertension in mice increases expression of CD86 in
dendritic cells. Blocking B7-dependent costimulation or deletion of the B7 ligands reduces
Ang ll-induced or DOCA salt-induced hypertension, and in fact, established hypertension is
reversible with blockage of the costimulation.’® Similarly, costimulatory interaction of
CD70 on dendritic cells with CD27 on T cells is necessary for memory T cell formation. A
mouse model of repeated hypertensive challenge results in increased expression of dendritic
cell CD70 and subsequent accumulation of memory T cells in the kidney and bone marrow
that secrete interferon gamma (IFNy) and IL-17A, both cytokines known to be associated
with hypertension. Mice subsequently demonstrate salt-sensitive hypertension associated
with accumulation of bone marrow memory T cells and their expansion to the kidney. These
hypertensive and memory T cell responses are eliminated with knockout of CD70.7°
Aldosterone similarly activates dendritic cells, with subsequent augmentation of IL-17-
producing T cells that can be prevented with mineralocorticoid receptor antagonists.89
Conversely, the ubiquitin-editing protein A20 in dendritic cells seems to limit T cell
activation. Heterozygous deletion of A20 in CD11c-positive dendritic cells in mice leads to
an exaggerated hypertensive response to low-dose Ang Il infusion, as well as increased
numbers of TNFa and IFN+y secreting memory T cells in the kidney.8! Together these
findings suggest a vital role for dendritic cells in the T cell activation that mediates
hypertension.

The observations of the interactions between dendritic cells and memory T cells have led to
the concept that hypertension may be due to antigen-mediated rather than inflammation-
mediated responses, with dendritic cell activation by neoantigens. One possible source of
these neoantigens is through isolevuglandins, a group of highly reactive gamma-
ketoaldehydes. In a murine model of Ang Il-induced hypertension, dendritic cells produce
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increased quantities of superoxide, leading to the accumulation of isolevuglandin-modified
proteins that act as neoantigens. These dendritic cells also have increased expression of B7
ligands and produce cytokines that trigger the activation and proliferation of T cells that
produce IL-17A, TNFa, and IFNvy, all of which contribute to hypertension.82 Furthermore,
adoptive transfer of activated dendritic cells induces hypertension in response to low doses
of Ang Il and isolevuglandin scavengers to attenuate hypertension. These results were
confirmed by a study that demonstrated that sodium entry into dendritic cells through
amiloride-sensitive channels triggers activation of protein kinase C and subsequent
isolevuglandin formation to cause downstream T cell activation and hypertension.83 This
mechanism identifies isolevuglandin scavengers as a potential new target for hypertension
therapy.

T and B Lymphocytes

T and B lymphocytes are critical components of adaptive immunity that both influence, and
are influenced by the innate immune system. The innate immune system’s antigen
presenting cells (dendritic cells, macrophages, innate-like B cells, and others) tailor the
differentiation and adaptive response of T cells to an antigen.84 Additionally, lymphocytes
share features of innate immunity such as antigen and cytokine recognition in both Band T
cells, and the presence of diverse TLR on T lymphocytes.8® In this section, we will describe
multiple studies demonstrating the role of adaptive immunity in the development of
hypertension.

T Lymphocytes

T cells mature in the thymus and move to lymphoid organs such as spleen and lymph nodes
where they remain in a dormant state until an antigen presenting cell triggers them. T cells
have been implicated in hypertension through several mechanisms including cytokine
production and activation and infiltration of the renal vasculature and central nervous
system. The thymus is a critical organ for development and education of T cells. Early
studies in athymic mice showed that lymphocyte depletion in multiple mouse models of
hypertension results in the prevention or correction of hypertension.286-88 |nterestingly,
athymic DOCA-treated mice are resistant to salt-induced hypertension, but transplantation
of the thymus restores their salt-sensitivity.? Sprague-Dawley rats typically have a
hypertensive response to partial renal infarction, but this hypertensive response is attenuated
by treatment with the immunosuppressant cyclophosphamide. Similar results occurred in
genetically hypertensive rats of the Lyon strain.”-8% Moreover, the transfer of lymph node
cells from rats with renal infarction or splenocytes from DOCA-salt-treated rats to normal
rats increases blood pressure in the recipient, suggesting that an intact T cell immune system
is required for the development of hypertension.27:90

The importance of T cells in hypertension is evident in recombinase activating gene
knockout (RAG-17/") mice which lack B and T cells. RAG-17~ mice develop blunted
hypertension in response to either Ang I, DOCA-salt, or norepinephrine challenge.91-93
Restoration of CD8+ T cells but not B cells into RAG-1~/~ mice induce sodium and water
retention restoring the hypertensive response to these stimuli, indicating that CD8+ T cells
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may be necessary for aspects of the hypertensive response.91:92 Further evidence of the
importance of T cells in the development of hypertension is also shown in mice with severe
combined immune deficiency (SCID) and in Dahl-salt sensitive rats with selective removal
of CD247, a gene important in T cell signaling, both of which are protected from
hypertension despite hypertensive stimuli.%49° Interestingly, more recent generations of
RAG-17/~ mice that were resistant to Ang-ll-induced-hypertension have now lost this
characteristic despite continued T-cell deficiency. This seems to be related to possibly
adaptive spontaneous mutations and genetic drift leading to increased renal sensitivity to
angiotensin 11.9 Other investigators postulate that this loss of resistance to Ang Il infusion
could be due to increased natual Killer cell degranulation and cytokine production
independently of T and B cell lymphopenia.®”:98 This theory is based on previous literature
suggesting that increased natural killer cell cytotoxicity impairs placental vascular
remodeling and spiral artery formation, leading to hypertension in pregnant women,99:100
The evolving responsiveness of RAG-17~ mice to Ang Il infusion within the same
background presents a unique opportunity for further research exploring the mechanism(s)
by which T-cell interactions with other immune cells can mediate hypertension.

Mechanistically, CD4+ and CD8+ T cells invade the kidney and vasculature during
hypertension, causing endothelial dysfunction and inappropriate sodium retention in the
kidney. This is mediated through several putative pathways, including ROS development and
the release of pro-inflammatory cytokines.%1:94.101 Ang 11 induces ROS in T cells via
NADPH oxidase. In RAG1~/~ mice, adoptive transfer of T cells lacking the AT1R or
functional NADPH oxidase results in blunted Ang I1-dependent hypertension and decreased
aortic superoxide production compared to WT T cell recipients, emphasizing the importance
of ROS generated by T cells in Ang l-induced hypertension.®! Cytokine secretion profiles
from T cells have also shown to be important in the development of hypertension and may
mediate ROS generation. T cells secrete TNFa, a potent pro-inflammatory cytokine that
induces ROS production and activates sodium retention to cause hypertension.91:102
Administration of the TNFa antagonist, etanercept, prevents Ang Il-induced hypertension
and fructose-fed-mediated hypertension, supporting a role for TNFa in the pathogenesis of
hypertension.62.103.104 Moreover, deletion of both IFN-y and IL-17 significantly reduces
elevated blood pressure in Ang-11-induced hypertension models by disrupting tubular
sodium reabsorption.195:106 |n contrast, a recent study in a combined model of DOCA-salt
and Ang-ll-induced hypertension demonstrates that combined I1L-17/IL-23 deficiency does
not suppress the blood pressure response, illustrating the complex role of the immune
system within diverse models of hypertension.197 Multiple other cytokines are associated
with hypertension and inflammation, including IL-8, IL-12, IL-15, and IL-18, but more
recently 1L-22 has shown a stronger link.108 The CC genotype of 1L-22 gene polymorphism
is an independent risk factor for hypertension in patients with CAD, while the GG genotype
has a protective effect.109 In mice, treatment with recombinant IL-22 increases blood
pressure, whereas anti—IL-22 neutralizing monoclonal antibody decreases blood pressure,
inflammatory responses, and endothelial dysfunction.110 There may be a future for the use
of monoclonal neutralizing antibodies for the treatment of hypertension, but the current side
effects associated with systemic use are problematic, and the development of tissue-selective
options will likely be critical.
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Several promising studies point toward T regulatory cells as overall regulators of the
immune response, and thus regulators of hypertension. T regulatory (Treg) cells, a subset of
CDA4+ cells important for the suppression of innate and adaptive immune responses, are
specifically recognized to be important in blood pressure regulation.111 Adoptive transfer of
Treg cells, but not T effector cells (CD4*CD25°), reduces hypertension induced by Ang 1l or
aldosterone infusions.}12-114 Moreover, in RAG1 ™/~ mice, adoptive transfer of Treg cells
prevents Ang Il-induced hypertension, vascular damage, and immune cell infiltration.
Conversely, the adoptive transfer of T cells from Scurfy mice, which lack Treg cells, into
RAG1~~ mice exacerbates Ang Il-induced microvascular endothelial dysfunction, oxidative
stress, and inflammation.11® Further evidence of the regulatory role of Treg cells in
hypertension was tested in SSBNZ2 rats, a Dahl salt-sensitive hypertensive rodent model
genetically modified by substitution of chromosome 2 from a normotensive strain. This
genetic modification is associated with improved Treg function and leads to reduced
hypertension, less vascular hypertrophy, and reduced aortic inflammation compared to Dahl
salt-sensitive rats.116 These studies in different rodent models emphasize the unique role of
the Treg subtype in hypertension regulation and represent a promising target for
immunomodulatory medications to control hypertension.

B Lymphocytes

Activation

B lymphocytes are critical for adaptive immunity, via their ability to detect and process
antigens and produce antibodies. Several studies report high levels of 1gG, IgM and IgA
antibodies in severely hypertensive individuals.117:118 |n rodents Ang Il infusion in mice
increases the number of splenic B cells and circulating 1gGs, and causes marked 1gG
accumulation in the aortic adventitia. Moreover, multiple studies have shown that depletion/
modulation of B cell activity through immune modulation (i.e. rituximab) or knockout
models such as B cell activating factor receptor knockout (BAFF-R™/") mice can reduce
mean arterial pressure and the hypertensive response to Ang 11.119120 Ajternative agents
such as bortezomib, a proteasome inhibitor which lowers plasma cell antibody production,
have shown a promising ability to reduce bone marrow plasma cells in a murine model of
SLE mice. Mice treated with bortezomib have decreased renal injury/glomerulosclerosis,
reduced B and T lymphocyte infiltration into the kidney, and decreased mean arterial
pressure.120 These findings are somewhat conflicting with previous literature suggesting that
Ang-11-induced hypertension is restored in RAG-1~/~ mice after adoptive transfer of T cells
but not B cells. 11° However, this apparent discrepancy could imply that B cell activation
requires interaction with T cells, and the two type of cells may have different mechanisms of
inducing hypertension (Figure 2).

of Immune Cells in Hypertension

The innate immune system senses microbial infection (PAMPSs) and host-derived
endogenous molecules that arise due to cell death (DAMPS) using pattern recognition
receptors. TLRs and NOD-like receptor family pyrin domain-containing protein (NLRP) are
sentinel pattern recognition receptors of the innate immune system that help initiate the
inflammatory response and are linked to hypertension.21.23.24.121 ' Activation of TLR domain
adaptors facilitate cytokine production and stimulation of adaptive immunity via activation

Acta Physiol (Oxf). Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 10

of IRF3, NF-xB, or MAPKs.37:122 Eyidence for innate immune cell TLR as a driver of
hypertension has been shown in isolated splenocytes from spontaneously hypertensive rats
(SHR). Splenocytes pretreated with Ang Il or nicotine have higher TNF-a, IL-10, and 1L-6
release in response to TLR7/8 and 9 ligand stimulation. In contrast, in a model of non-
hypertensive rats, splenocyte response to TLR stimulation was completely different.
Nicotine mitigated the cytokine response, and Ang Il had no effect suggesting that in models
predisposed to hypertension, neurohormonal regulation of innate immunity seems to induce
hypertension via TLR stimulation.123 There is additional evidence for the involvement of
macrophage TLR4 in the development of hypertension. Patients with hypertension had
higher TLR4 mRNA expression in monocytes compared to normotensive subjects, and
intensive hypertensive treatment decreased TLR4 levels.124 Multiple studies have blocked
the effects of TLR4 locally, systemically, and in the central nervous system to clarify its role
in the development of hypertension. In rats, antibody blockade of TLR4 lowers blood
pressure in SHR125 and DOCA-salt rats but not in Ang Il-infused rats 126:127 except when
TLR4 is antagonized within the periventricular nucleil?8 suggesting that central TLR4 plays
an important role in blood pressure regulation. Furthermore, mice lacking the gene for TLR4
have an attenuated blood pressure response to Ang Il and L-NAME infusion in mice
suggesting that the TLR4-mediated blood pressure regulation varies accordingly to the
animal model and stimuli, but that TLR4 in the central nervous system seems to be essential
to Ang-11-mediated hypertension2%-131 Finally, the NLRP3 Inflammasome is a crucial
mediator of inflammation in several chronic inflammatory diseases. Inflammasomes are
multimeric complexes that facilitate caspase-1-mediated processing of the pro-inflammatory
cytokines IL-1f and IL-18. In mice with hypertension induced by unilateral nephrectomy,
treatment with DOCA-salt is associated with an increase in inflammasome expression and/or
activity in the kidneys.132 Furthermore, genetic deficiency in the adaptor protein, ASC, or
use of an NLRP3 inhibitor reduces renal inflammation, fibrosis, and hypertension in this
mouse model, suggesting that inhibition of the NLRP3 inflammasome could be an anti-
hypertensive strategy.132.133 These studies indicate that activation of immune cell PRRs
increase ROS, tissue damage, and hypertension and induce a vicious cycle. Early studies
using inflammasone ihibitors have passed phase 1, and there is anticipation of further studies
in many chronic inflammatory diseases.134

Immunity and Target Organs in Hypertension

Immunity and Vascular Wall

Vascular tone and arterial stiffness are regulated by a number of mediators such as Ang I,
aldosterone, cytokines, and shear stress, all of which stimulate ROS production by NADPH
oxidases which reduces nitric oxide (NO), and induces vasoconstriction. Vascular ROS also
increase metalloproteinases, tumor grow factor beta (TGF-B), and endothelial pro-
inflammatory cytokines, which promote vascular fibrosis and adventitial immune cell
accumulation to increase ROS production, endothelial dysfunction, and vasoconstriction.
91,114,135-138 |nfysion of a cell-permeant inhibitor of NADPH oxidase suppresses leukocyte
infiltration and vascular hyperthrophy induced by Ang Il independently of the blood
pressure changes (Figure 3).139 Moreover, depletion of monocytes/macrophages using Cre-
inducible diphtheria toxin receptor transgenic mice significantly reduces aortic superoxide
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production, vascular dysfunction, and blood pressure during Ang Il-induced hypertension.34
In contrast, adoptive transfer of WT, but not NADPH oxidase-null monocytes, into these
depleted mice restores vascular oxidative stress and hypertension suggesting that NADPH
generated by monocytes is a important mechanism by which Ang Il mediates hypertension.
34 Another major function of vascular macrophage deposition, particularly the M2
macropahge subtype, is to promote extracellular matrix remodeling by regulating TGF-$
production upon B-cell stimulation.1® Ang ll-induced increases in aortic pulse wave
velocity, vascular TGF-B expression, M2 macrophage numbers, and IgG deposition are
attenuated in a B cell knockout model (BAFF-R™") mice. IgG purified from Ang I1- but not
saline-treated mice induce the production of TGF-p from cultured murine macrophages,
suggesting an important interaction between B cells and vascular macropahges in the
regulation of vascular stiffness and hypertension.

T cells also play an active role in the vasculature. Activated T cells induce hypertrophy and
fibrosis of the aorta, as well as superoxide accumulation in the aortic wall. This leads to
arterial inflammation and stiffness which drives hypertension.114.140-142 Treq cells seem to
be protective for hypertension, as their adoptive transfer into C57BL/6 mice prevents
aldosterone or Ang Il-induced hypertension.112:114 Additionally, these mice do not develop
mesenteric artery hypertrophy by aldosterone and have reduced aldosterone-induced
oxidative stress and aortic periadentitial/adventitial monocyte/macrophage infiltration.
Mechanistically, Treg cells and other immune cells produce IL-10, an anti-inflammatory
cytokine that regulates adaptive immunity, and I1L-10~~ mice show increased mean arterial
pressure and increased aortic vascular constriction to phenylephrine compared to WT.143
Together these data indicate that chronic immune activation in the vessel wall promotes
functional and structural alterations of resistance arteries that are key mechanisms for the
development of hypertension and its complications.

Immunity and Kidney

In both humans with hypertension and various murine models of hypertension,
tubulointerstitial infiltration of leukocytes is common.44 Immunosuppressive drugs (MMF,
rapamycin, cyclosporine A), inhibition of pro-inflammatory NF-xB,14% and 1L-6 depletion
all result in amelioration of hypertension in multiple animal models.246 However, there is
controversy regarding whether renal infiltration of immunocompetent T cells is the cause or
consequence of hypertension. Evidence for the causal role comes from a prehypertensive
model of SHR at 3 weeks of age in which increased renal immune infiltrates precede the
onset of hypertension. The renal interstitium of these animals shows increased lymphocyte
and macrophage accumulation as well as Ang I1-positive tubular cells expressing activated
NF-xB with no glomerular changes. At 24-weeks, SHR mice are hypertensive with striking
increase in both the CD4/CDS8 ratio and NF-xB activation, suggesting that renal immune
cells promote the enviroment that drives hypertension in the SHR model.145 Furthermore, in
normotensive rats, L-NAME-induced hypertension and tubulointerstitial lymphocytic
infiltrates are prevented by administration of MMF, also supporting a critical role for these
cells in the development of hypertension.147 Both Rag™~ mice lacking lymphocytes and
Id2~/~ mice lacking splenic CD8a, dendritic cells, and CD8* memory T cells confirm this
role since both mouse models are unresponsive to Ang I1-induced hypertension.91.148
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Furthermore, adoptive transfer of T cells but not B cells restores responsiveness to Ang Il
and induces renal infiltrates in Rag™~ mice. IL-17 produced by CD4* T helper cells is likely
important in the pathogenesis of hypertension in response to Ang Il infusion by increasing
the expression of serum and glucocorticoid regulated kinase 1 in the proximal tubule leading
to increased abundance of the renal sodium hydrogen exchanger 3 expression.149:150
Conversely, IL-177/~ mice do not develop vascular dysfunction, renal injury, or hypertension
in response to Ang I1 infusion.106:150 |ENy secretion by CD8™ cells from mice with the
absence of mineralocorticoid receptor promote hypertension through local inflammation in
target organs such as the kidney and aorta.1®1 Interestingly, both IL-17 and IFNy affect
expression of luminal transporters in nephrons, showing how increased cytokine production
by T cells can lead to impaired natriuresis and contribute to hypertension.152

Increased renal monocyte/macrophage proliferation also occurs in multiple models of
hypertension. Immunosuppressive therapies minimize the increase in blood pressure and the
amount of infiltrated macrophages in the kidneys.193154 Ang Il increases renal oxidative
stress and monocyte/macrophage infiltration into the kidneys, causing inflammation and
renal fibrosis,?>155 while reduced recruitment of renal macrophages by CCR2 knockout
attenuates Ang Il-induced renal injury.2%31 Several studies in hypertensive modes with
genetic madification to reduce macrophages show improved endothelial function and
reduced vascular oxidative stress and remodeling.34196-158 Similarly, monocyte/macrophage
depletion with chlodrate in Ang Il and Dahl salt-sensitive murine models of hypertension
significantly attenuates systolic blood pressure elevation and renal injury and fibrosis,
together suggesting that suppression of inflammation could be a potential therapeutic target
to reduce the adverse consequences of hypertensive renal diseases.1%9

Overall, renal inflammation mediated by both lymphocytes and macrophages promotes
intrarenal Ang Il generation, favoring further leukocyte infiltration and oxidative stress.
Increased oxidative stress reduces NO bioavailability and contributes importantly to the
reduction of medullary blood flow, reduced sodium excretion, and hypertension.
Furthermore, decreased NO from medullar oxidative stress accelerates interstitial fibrosis
and progressive kidney damage (Figure 4). 41:42,160,161

Immunity and Central Nervous System (CNS)

Immune cells within the central nervous system (microglia), and outside the blood-brain
barrier in the choroid plexus, meninges, and perivascular space are known to be involved in
the development of hypertension.162 The link between microglial activation and
hypertension is demonstrated in mice with depletion of microglia cells through either
intracerebroventricular injections of the antibiotic minocycline, which inhibits microglial
cells, or Cre-inducible CD11b-diphtheria toxin receptor transgenic mice. Both types of mice
have decreased neuroinflammation and reduced blood pressure response to Ang Il and L-
NAME.163 perivascular macrophages (PVM) also influence blood pressure regulation. In the
stroke-prone SHR model, depletion of PVM with intracerebral clodronate treatment
ameliorates hypertension by supression of the sympathetic nerve activation.164.165

Several areas of the brain sense hypertensive stimuli and modulate the autonomic nervous
system.166 Sympathetic nervous system (SNS) activation is controlled by the forebrain and
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hindbrain nuclei, particularly by the paraventricular nucleus of the hypothalamus (PVN), the
circumventricular organs (CVOs), the rostral ventral lateral medulla (RVLM), the
anteroventral third ventricle, and the nucleus of the solitary tract, all of which have AT1Rs.
Ang Il activation of the AT1R increases ROS production and pro-inflammatory cytokines
(IL-1B, 1L-6, TNF-a) and suppresses 1L-10 expression in the PVN and RVLM.167-169 This
inflammatory response in the PVN and RVLM results in elevated SNS activity and cytokine
signaling activation in the CVOs to induce hypertension. Treatment of SHRs with AT1R
blockers reverse cerebrovascular inflammation by reducing macrophage infiltration,
endothelial NO synthase, heat shock protein upregulation, and inflammatory molecules
including TNF-a, IL-1, and intercellular adhesion molecules.27? Thus, Ang 11 induced-
inflammation interacts with the SNS to contribute to the development of hypertension.

The parasympathetic nervous system also interacts with immune cells. Lymphocytes and
myeloid cells express nicotinic and muscarinic receptors, as well as adrenergic receptors.171
The vagus nerve is vital in informing the brain of the peripheral immune status and
controlling the activity of immune cells. Vagal stimulation mediated by the a.—7-nicotinic
acetylcholine receptor potentiates an anti-inflammatory macrophage phenotype by reducing
TNF-a, IL-1B, and IL-6 release,172173 while increased splenic and renal sympathetic output
promotes a pro-inflammatory response, suggesting that during hypertension there is a
peripheral autonomic imbalance causing an increase in cytokines that feed-forward to more
CNS inflammation and sympathetic nervous system activation. Overall, these studies
suggest that activation of microglia by different hypertensive stimuli increases pro-
inflammatory cytokine production in hypothalamic regions around the third and fourth
ventricles to activate the SNS, which contributes to increased systemic immune cell
activation and cytokine release, perpetuating chronic inflammation and hypertension (Figure
5).

Conclusion

The studies presented here highlight the importance of immunity as a common thread
underlying the various mechanisms of hypertension across many organ systems Exploring
the genetic and environmental factors that predispose these cells to react to common stimuli
and achieving a deeper understanding of the mechanisms by which immune cells
communicate with target organs to cause hypertension will allow us to develop new
therapies for this pervasive disease.
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Figure 1. Effects of Angiotensin || on Macrophage Polarization.
Angiotensin (Ang) Il activates AT1R to generate a pro-inflammatory M1 macrophage

phenotype. Ang Il enhances TLR4 signaling and promotes M1 release of ROS, cytokines,
and chemokines, causing more inflammation. Conversely, activation of AT2R promotes M2
differentiation, anti-inflammatory IL10 release, and tissue repair.
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Figure 2. Role of the Adaptive Immune System in Hypertension.
CD8+, CD4+, T helper cells, and B lymphocytes drive hypertension through mediators such

as NADPH oxidase, production of ROS, cytokines (TNF-alpha and 1L-17), and 1gG
production. These mediators worsen hypertension through endothelial dysfunction, sodium
retention and impaired natriuresis in the kidney, as well as through further immune
activation, including induction of M2 macrophage differentiation. T regulatory cells have a
crucial role in modulating and decreasing the adaptive immune system response and help
reduce hypertension.
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Figure 3. Vascular Inflammation.
Ang 1, aldosterone, cytokines, and shear stress all stimulate adhesion factors to promote

immune cell recruitment. Activation of immune cell myeloperoxidases and NADPH
oxidases increase vascular ROS, metalloproteinases, tumor TGF-p, and pro-inflammatory
endothelial cytokines and chemokines. These all promote endothelial dysfunction, arterial
stiffness, decreased vascular flow, and perpetuate the cycle of inflammation and RAS
activation.
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Figure 4. Immunity and Renal Responses.
Lymphocytes and macrophages promote oxidative stress and intrarenal Ang Il generation

inducing leukocyte infiltration, tissue damage, and excessive proximal tubular sodium
reabsorption.
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Figure5. Contribution of Central Nervous System to Hypertension.
Activation of microglia and perivascular macrophages by increased systemic Ang Il or

cytokines promotes ROS and local cytokines, activating the sympathetic nervous system.
SNS activation increases vascular and renal inflammation, causing hypertension.
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