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I (vascular) disease and endocrinopathies [1]. A growing body of

ABSTRACT

Numerous studies describe associations between markers of in-
flammation and arterial hypertension (aHT), but does that imply
causality? Interventional studies that reduce blood pressure
reduced also markers of inflammation, but does immunosuppres-
sion improve hypertension? Here, we review the available mechan-
istic data. Aberrant immunity can trigger endothelial dysfunction
but is hardly ever the primary cause of aHT. Innate and adaptive
immunity get involved once hypertension has caused vascular wall
injury as immunity is a modifier of endothelial dysfunction and
vascular wall remodelling. As vascular remodelling progresses, im-
munity-related mechanisms can become significant cofactors for
cardiovascular (CV) disease progression; vice versa, suppressing
immunity can improve hypertension and CV outcomes. Innate
and adaptive immunity both contribute to vascular wall remodel-
ling. Innate immunity is driven by danger signals that activate Toll-
like receptors and other pattern-recognition receptors. Adaptive
immunity is based on loss of tolerance against vascular autoanti-
gens and includes autoreactive T-cell immunity as well as non-
HLA angiotensin I type 1 receptor-activating autoantibodies. Such
processes involve numerous other modulators such as regulatory
T cells. Together, immunity is not causal for hypertension but
rather an important secondary pathomechanism and a potential
therapeutic target in hypertension.

Keywords: atherosclerosis, blood pressure, infection, inflam-
masome, stenosis

INTRODUCTION

Arterial hypertension (aHT) is a clinical syndrome with a
plethora of underlying pathomechanisms, including mono- or
multigenic traits, environmental factors, sleep apnoea, renal
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literature now also proposes a causative role of innate and/or
adaptive immunity in aHT based on epidemiological and ex-
perimental studies in rodents. But why should evolution favour
immunity as a regulator of blood pressure (BP)? BP control and
host defence are all essential mechanisms of homeostasis in
higher organisms. Infection can cause hypotension via fluid
losses in fever, tachypnoea or diarrhoea as well as decreased
fluid intake of the febrile patient. In addition, infection increases
vascular permeability to allow the large pentameric IgM to
reach interstitial compartments, but this mechanism also
implies a decline in intravascular fluid and hypotension. Also
sterile injuries caused by major trauma, toxins or ischaemia-
reperfusion induce inflammation-related vascular fluid losses.
Thus, the risk of inflammation-related hypotension may have fa-
voured the selection of mechanisms that link immune activation
to BP increases for short-term survival benefits. In this review,
we summarize the available evidence and propose a concept if,
when and why immunity contributes to BP control and aHT.

THE IMMUNE SYSTEM IN ARTERIAL
HYPERTENSION: PRIMARY CAUSE OR
SECONDARY COFACTOR?

Does the immune system cause aHT?

To nominate innate or adaptive immunity as causative or an
initiator of aHT would require distinct types of evidence. None
of the monogenetic forms of aHT involve immunity-related
genes but rather stress the role of hormones and the kidney in
BP control [1]. Also, multiple genome-wide association studies
(GWAS) identified numerous gene loci being associated with
aHT, but none of these loci clearly host immunity-related
genes [2]. These data do not support a causative role of the
immune system in essential aHT (Table 1).
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Table 1. Point-to-point summary

Immunity is not a primary cause of hypertension.
No monogenetic disorders of immunity leading to hypertension.
GWAS studies did not identify proven immunity-related risks alleles.
Innate immunity can be a secondary cause of hypertension.
Hypertension induces tissue injury, which leads to DAMP release.
DAMPs activate pattern recognition receptors like TLR.
Injury- and TLR-mediated macrophage activation leads to vascular
wall inflammation.
Vascular wall inflammation increases stiffness and aggravates
hypertension.
Adaptive immunity can cause or aggravate hypertension.
Loss of tolerance can cause immunization against vascular wall
components.
In this manner antigen-presenting cells, T cells, and autoantibodies get
involved.
Anti-AT2R IgG and other autoantibodies have been documented upon
kidney transplantation or in other autoimmune disorders such as
scleroderma.

GWAS, genome-wide association studies; DAMP, damage-associated molecular patterns;
TLR, toll-like receptor.

Is immunity a cofactor in aHT?

aHT induces vascular wall injury and remodelling. The
immune system is a sensitive sensor of tissue injury and is in-
volved in all phases of the injury itself as well as the compensa-
tory mechanisms of regeneration or repair [3]. Sterile injuries
activate innate immunity, i.e. cytokine and lipid mediators or
inflammation as well as all sorts of leukocyte subsets that
contribute to (vascular wall) inflammation in an antigen-
independent manner [4, 5]. In case loss of tolerance occurs,
also adaptive immunity may contribute to vascular wall in-
flammation [6, 7]. The resulting endothelial dysfunction and
increased vascular wall stiffness further contribute to aHT. In
fact, given the plethora of genetic, environmental, sleep-
related, renovascular and endocrine causes for aHT, this sec-
ondary involvement of immunity during vascular wall injury
and remodelling becomes a shared pathomechanism across the
numerous diseases that share aHT as a common symptom [4,
5]. Alternatively, environmental factors may trigger aberrant
immunity and drive vascular wall injury followed by hyperten-
sion, but few data support this theoretical consideration.

Together, the contribution of immunity to hypertension is
most likely rather a secondary phenomenon upon vascular
injury. However, immunity becomes an accelerating factor for
aHT by increasing endothelial dysfunction and vascular wall stiff-
ness. As such, the contribution of immunity to aHT is conceptu-
ally similar to that of aHT-induced vascular wall hypertrophy
and calcification, which also increases peripheral resistance by re-
ducing vascular wall compliance or that of aHT-induced chronic
kidney disease, which accelerates aHT via renin-angiotensin
system activation.

CLINICAL EVIDENCE LINKING
HYPERTENSION AND IMMUNITY

Epidemiological studies document associations

A population-based study of apparently healthy men ob-
served a significant linear relationship between systolic BP,
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diastolic BP and mean arterial pressure with levels of SICAM-1
or IL-6 [8]. In the same cohort, inflammatory biomarkers were
found to be strong predictors of future risk of cardiovascular
(CV) non-fatal events and death, suggesting a causal relation-
ship between BP, inflammation and atherogenesis. Other ob-
servational, cross-sectional studies of the general population
confirmed these associations [9-15]. Furthermore, systolic BP
was a strong and independent predictor of plasma C-reactive
protein concentrations in patients with newly diagnosed, un-
treated aHT [16]. Other authors also found that levels of
plasma-soluble CD40L, which contributes to the angiotensin
[I-induced pro-thrombotic state, vascular inflammation, oxi-
dative stress and endothelial dysfunction, are increased in sub-
jects with essential aHT and that platelets present a higher
expression of CD40/CD40L [17]. Furthermore, in end-stage
renal disease (ESRD) patients, the chronic volume overload,
high sympathetic activity and high levels of angiotensin II not
only trigger aHT but also exert an inflammatory and growth-
promoting effect on the CV system in this high-risk popula-
tion [18].

Can clinical studies also document causal relationships?

Evidence on a causal link between immunity and hyperten-
sion in humans is limited. As a future research line, clinical
trials testing immunosuppressant drugs should be evaluated
on their effect on BP, like it has been done in patients with
psoriasis [19]. Vice versa, antihypertensive drugs and BP
control may have an effect on inflammation biomarkers, thus,
advocating important clinical implications for hypertension-
related CV complications. In a study by Fliser et al. angiotensin
IT receptor blockade significantly reduced vascular micro-
inflammation in patients with aHT by as early as 6 weeks of
therapy. The beneficial CV effects of angiotensin II receptor
antagonists could be due to their action in reducing inflamma-
tory biomarkers [20]. These results were subsequently con-
firmed by Derosa et al. in a clinical trial including 276
essential hypertensive patients randomized to olmesartan, am-
lodipine or a single pill containing an olmesartan/amlodipine
combination for 12 months [21]. This study demonstrated
that olmesartan/amlodipine significantly decreased C-reactive
protein level and that their combination was more effective
than single monotherapies in reducing inflammatory biomar-
kers [21]. Moreover, in a randomized clinical trial in untreated
hypertensive patients, amlodipine plus valsartan reduced cir-
culating levels of endocan, which is a biomarker reflecting vas-
cular inflammation and endothelial dysfunction in humans
[22]. All in all, these findings support the hypothesis that
angiotensin receptor blocker (ARB) and calcium antagonists
may act as anti-inflammatory drugs in patients with essential
aHT. However, future prospective and properly designed clin-
ical studies are strongly needed to shed some light on whether
or what class of antihypertensive drugs could be beneficial not
only for BP control but for inflammation-related CV compli-
cations as well. More importantly, it could be postulated that
immunotherapy might be useful to treat the most serious
degrees of aHT. From this perspective of the problem, vaccines
could be a therapeutic option for the treatment of aHT in the
future.
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MECHANISTIC LINKS BETWEEN
HYPERTENSION AND IMMUNITY

Innate immunity

As the most data are available on the action of TLR4 on
hypertensive target organ damage and hypertension, the focus
here is set primarily on TLR4 (Figure 1). The best-known
source of TLR4 ligand is lipopolysaccharide (LPS) derived
from Gram-negative bacteria. Other TLR4 ligands, such as
HMGB-1 and HSPs, exist and are released from dying cells
during injury [23, 24]. In addition, vascular aging exposes
immune cells to fibronectin breakdown products with TLR4
agonistic properties [25]. Importantly, vascular aging is the key
event for systolic BP increase with age. Western diet is a large
source of TLR4 ligands. Free fatty acids, oxLDL and triglycer-
ides are known to activate TLR4 [26]. Proteins of the S100
family such as calprotectin are known TLR4 activators. Calpro-
tectin is known to be present in inflammatory bowel disease
and acute coronary plaque rupture [27]. Additionally, in
context with diabetes, advanced glycation end product (AGE)
not only activates the receptor for AGE (RAGE) but also acts as
endogenous TLR4 ligands [28].

Exogenous ligands:
Bacterial endotoxin
¢ Infection

TLR4 is present on endothelial cells throughout the vascula-
ture, and it is upregulated in human aHT as well as in spontan-
eously hypertensive rats [29]. TLR4 upregulation by angiotensin
II contributes to vascular dysfunction through production of re-
active oxygen species (ROS) [30]. This is evident for endothelial
dysfunction and increased vascular constriction [31]. Similarly,
TLR4 is involved in cardiac hypertrophy and fibrosis. Genetic
deletion or blockade of TLR4 improves cardiac function,
hypertrophy and fibrosis and attenuates myocardial inflamma-
tion [32].

TLR4 agonists and other danger signals activate cells of the
monocyte/macrophage lineage in infection, sterile inflamma-
tion and in aHT or aHT-related target organ damage [33]. In
addition, innate immunity directly triggers vasoconstriction
and reduced vasorelaxation, which contribute to aHT by in-
creasing peripheral resistance. Little evidence exists that innate
mechanisms directly cause aHT. TLR4 contributes to BP regula-
tion and vascular constriction in spontaneously hypertensive rats
[34]. Mouse experiments revealed in an L-NAME-induced
proinflammatory model of aHT that TLR4 signalling in BP ele-
vation [31]. Here, the relevance of endogenous TLR4 ligands due
to inflammation-induced damage was evidenced as link for ROS

Endogenous ligands:

+  Periodontal disease

*  Metabolic endotoxemia

* Inflammatory bowel disease

¢ HIV-associated endotoxemia...
Diet

*  Free fatty acids

*  Oxidated LDL

¢« Triglycerides...

/

Innate immunity

Cellular damage

(Vascular injury, aging...)
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FIGURE 1: Innate immunity in hypertension. A broad variety of endogenous and exogenous TLR4 ligands can activate immune signalling, which
promotes vasoconstriction, peripheral resistance, and a rise in BP. Besides, interaction between innate and adaptive immune system induces CV
damage such as cardiac hypertrophy, fibrosis and inflammation by involving the transcription factor STAT1. HMGBI, high-mobility group box-1;
HSP, heat-shock protein; LPS, lipopolysaccharide; IFN-y, interferon gamma; STAT, signal transducers and activators of transcription; TLR4,

Toll-like receptor-4.
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production causing increased vasoconstriction and BP elevation
[31]. Whereas GWAS did not demonstrate a role for TLR4 in
hypertension, human data of a smaller cohorts suggest an in-
volvement of TLR4 ligands in BP regulation such as HMGBI1
polymorphism [35]. It might be possible that specific patient
characteristics are needed to reveal the influence of single nucleo-
tide polymorphisms related to innate immune signalling.
During the past years, Titze and his group developed an in-
teresting concept of how macrophages regulate salt-dependent
volume and BP in salt-sensitive hypertension [36]. They
showed that the skin and the lymphatic system represent a
third space of salt storage in hypertensive and ESRD patients
[37]. Salt retention was shown to increase local tonicity and to
activate mononuclear phagocyte recruitment to the skin [38].
There they sense sodium accumulation and initiate mechan-
isms to reduce sodium deposition in the skin. A specific reduc-
tion in salt deposition in the skin reduces BP. Thus, in this
context, innate immune cells act as ‘good guys’ sensing ton-
icity changes via nuclear factor of activated T-cell 5 (NFATS5;
also called TONEBP) and regulating interstitial sodium balance.

Adaptive immunity

Wallukat et al. first documented the causal role of non-
HLA angiotensin II type 1 (AT(1)) receptor-activating auto-
antibodies for pregnancy-related hypertension and later also
for kidney transplant-related malignant hypertension [39, 40].
They occur also in essential hypertension, especially in

Mild hypertension

L Injury

4 Inflammation

refractory hypertension [41]. Such antibodies bind to the
extracellular domain of the AT(1) receptor and induce angio-
tensin II-independent receptor activation, which can be
blocked with AT receptor blockers [39, 40]. Meanwhile, auto-
antibodies against other vascular antigens or heat-shock proteins
have been identified [42, 43]. While transplant-related sensitiza-
tion may involve alloimmunity, transplant-independent sensitiza-
tion must involve other mechanisms [44]. Pregnancy itself could
be excluded as a mode of sensitization [45]. One concept is that
vascular injury, including hypertension-induced vascular injury,
is a trigger for autoantigen modification and sensitization in gen-
etically susceptible patients [1, 4, 6, 7]. Loss of tolerance is usually
associated with variants in the human leukocyte antigen. In
Chinese patients with essential hypertension, the HLA-DRB1(*)
04 allele is associated with the presence of anti-AT(1) receptor
antibodies [46]. Upon loss of tolerance, the process of autoanti-
gen presentation in the context of co-stimulatory molecules
becomes the driving pathomechanism for the activation of auto-
reactive effector lymphocytes, which include B cells and various
T-cell subsets [47]. As this process is located within secondary
lymphoid organs, the vast majority of the mechanistic data relies
on rodent models of hypertension. In fact, blocking or deleting
the co-stimulatory molecules CD80 and CD86 on dendritic cells
prevents hypertension and T-cell activation in both angiotensin
II- and DOCA-salt-induced hypertension [48]. A recent study
documents that dendritic cell activation involves the production
of highly reactive y-ketoaldehydes (isoketals) in hypertension that
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FIGURE 2: Adaptive immunity in hypertension. aHT induces vascular injury, which supports neoantigen formation and, in susceptible indivi-
duals, eventually loss of tolerance. This process involves neoantigen presentation by dendritic cells and B cells within secondary lymphoid

tissues. Loss of tolerance implies that this process overcomes the anergy of autoreactive lymphocytes leading to their activation and clonal expan-
sion. The results are autoantibody production and an increasing number of autoreactive T-effector cells that drive and accelerate vascular wall in-
flammation and remodelling once they reach the vasculature. As a result, increased vascular stiffness and peripheral resistance occur, which both

aggravate the preexisting aHT.
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accumulate in dendritic cells and oxidize proteins [49]. Isoketal
accumulation activates dendritic cell activation and their capacity
to promote CD8+ T-cell proliferation, production of IFN-y and
IL-17A, and hypertension [49]. Kirabo et al. also found plasma
F2-isoprostanes that are formed together with isoketals to be ele-
vated in patients with essential hypertension, particularly in those
with resistant hypertension [49]. The authors concluded that
hypertension activates dendritic cells via promoting the forma-
tion of isoketals that in turn aggravate hypertension-related adap-
tive immunity, which further aggravates hypertension (Figure 2).

Autoimmunity cannot only aggravate hypertension via
humoral mechanisms such as anti-AT(1) receptor antibodies
but also via T-cell-mediated inflammation. Antigen-specific
T-helper cells may drive humoral immunity by supporting B-
cell proliferation. In addition, CD8+ T-effector cells infiltrate
the vascular wall, a process that increases vascular wall inflam-
mation, stiffness and narrowing of the lumen, which all
increase peripheral resistance. In fact, athymic nude mice or
T-cell-deficient mice are protected from experimental hyper-
tension as reviewed in Refs. [4, 7]. Furthermore, non-specific
immunosuppressive drugs such as mycophenolate mofetil,
cyclosporine A, cyclophosphamide or NF-xB inhibitors lower
BP in rodent models of hypertension [7]. This finding was
subsequently confirmed in humans with essential hyperten-
sion, which markedly improved upon treatment of their psor-
iasis or rheumatoid arthritis with mycophenolate mofetil [50].
Innate and adaptive immunity are both regulated by CD4/
CD25/Foxp3+ regulatory T cells; hence, adoptive transfer of
such regulatory T cells improved angiotensin II- or aldoster-
one-induced hypertension [7, 51].

In this context, it is of interest that high salt conditions
can drive autoreactive Th1l7 cells via NFAT5 and serum/
glucocorticoid-regulated kinase 1 signalling. This was formally
demonstrated in a rodent model of autoimmune encephalomy-
elitis but might also apply to autoimmunity-related hyperten-
sion [52, 53].

As another potential mechanism that links immunity with
hypertension, renal immune cell infiltrates have been found to
be associated with decreased pressure natriuresis and aHT [54,
55]. Proving a potential causal relationship between renal
interstitial inflam-295 mation and aHT would require a select-
ive deletion of renal immune cell infiltrates, which is not pos-
sible with immunosuppressive drugs with systemic actions;
hence, this concept could not yet be validated.

Together, immune activation during hypertension involves
the adaptive immune system in several ways. Some patients
develop autoantibodies against angiotensin receptors, with agon-
istic properties that can be neutralized with ARB. Autoimmunity
can also be directed against vascular wall antigens with subse-
quent T-cell-dependent vascular wall inflammation, which in-
creases vascular resistance. These processes are secondary
mechanisms to existing hypertension and may operate in a
subset but not necessarily in all patients.
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