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The role of inflammation in hypertension: novel concepts
David M Patrick™?, Justin P Van Beusecum' and Annet Kirabo'

Hypertension remains the most important modifiable risk factor
for the development of cardiovascular disease. While it is clear
that inflammation plays a pivotal role in the development and
maintenance of hypertension, several novel discoveries have
been made within the past decade that have advanced the field
and have provided new mechanistic insights. First, recent studies
have identified a central role of sodium-induced immune cell
activation in the pathogenesis of hypertension by altering the gut
microbiome and formation of products of lipid oxidation known
as isolevuglandins. Second, cytokine elaboration by the
inflammasome leading to end-organ dysfunction and immune
activation has been found to play a role in the genesis of
hypertension. Third, novel techniques have identified previously
uncharacterized immune cell populations that may play a
functional role in these processes. Finally, the role of
inflammation in hypertension may be an important mediator of
severe COVID-19 infections. In this review, we discuss these
recent advances in the study of inflammation and hypertension
and highlight topics for future studies.
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Introduction

Hypertension accounts for nearly half of all strokes and
ischemic cardiovascular events worldwide [1-3]. In the
past 15-years it has become clear that inflammation plays
an important role in the development of essential hyper-
tension [4-7]. The physiologic mechanisms that contrib-
ute to the development of hypertension are diverse and
include endothelial cell dysfunction, renal abnormalities,
and dysregulation of the central nervous system. A dis-
cussion of the physiology of hypertension is outside the
scope of this review, however, inflammation affects these
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multiple systems and thus the development of hyperten-
sion. Inflammation is a complex process involving multi-
ple cell types and secreted factors many of which have
been implicated in hypertension.

Reactive oxygen species (ROS) production is augmented
in dendritic cells from hypertensive patients and in ani-
mal models of essential hypertension [8-11]. This initi-
ates a cascade of events that results in the activation of T-
cells. The mechanism of ROS overproduction in this cell
type remains incompletely characterized. Here we dis-
cuss the various advances that have been recently made in
the pathogenesis of immune-mediated hypertension
including the role of the inflammasome, excess dietary
salt, and COVID-19 infection. These processes and their
effects on inflammation in hypertension are represented
in Figure 1.

The important role of the spleen in hypertension exem-
plifies the importance of the interaction of innate and
adaptive immune cells in hypertension [12]. Cells of both
the innate and adaptive immune systems have been
shown to play an important role in hypertension [6,13—
15]. T-cells have been shown to infiltrate the kidney and
the vascular tree in animal models of essential hyperten-
sion and are hypothesized to directly contribute to endo-
thelial cell dysfunction and renal injury [13,16-18]. CD8*
‘killer’ T-cells specifically are hypothesized to mediate
direct cellular injury representing a potential autoim-
mune mechanism of hypertension [13,15,18,19]. Factors
effecting T-cell activation and function are therefore
important mediators of essential hypertension.

Activation of T-cells occurs by interaction with profes-
sional antigen presenting cells such as dendritic cells
(DGs). T-cell activation occurs by direct interaction of
the major histocompatibility complex (MHC) with the T-
cell receptor (TCR). This requires that the antigen pre-
sented within the MHC binds with high affinity to the
T'CR [20]. Inhibition of DC activation of T-cells abro-
gates the development of hypertension in animal models.
Specifically, inhibition of co-stimulation of T' cells with
the immunoglobulin against CTLA4 blocks angiotensin
IT (Ang II)-induced and deoxycorticosterone acetate
(DOCA)-salt-induced hypertension in mice [21]. Addi-
tionally, intrinsic and extrinsic factors that participate in
DC development, antigen presentation, and activation
play an essential role in hypertension.

Novel immune cell subtypes in hypertension
The characteristics and definition of myeloid cells are
ever evolving through technological advances of single
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Immune activation in hypertension is characterized by activation of dendritic cells (DC) and subsequent activation of T-cells. T-cells then migrate
to the vascular tree and the kidney causing inflammation and hypertension. High salt can participate in the activation of immature DCs to
activated DCs whereas myeloid derived suppressor cells can inhibit DC and T cell activation. Products of the microbiome and inflammasome both
act on innate immune cells and T-cells directly to augment peripheral organ inflammation and exacerbate hypertension. Processes discussed

herein are represented by red arrows.

cell sequencing and it is now clear that myeloid cells
provide both pro-inflammatory and anti-inflammatory
roles in the development of hypertension. In a seminal
study, Wenzel et al. demonstrated that ablation of mye-
loid cells expression lysozyme M (LysM iDTR) in mice
completely prevented the increase in blood pressure in
response to Ang Il-induced hypertension [9]. Moreover,
mice lacking Macrophage Colony-Stimulating Factor
(Op/Op mice), that lack macrophages and other myeloid
cells, are protected from inflammation associated vascular
injury in both Ang II-induced and DOCA-salt hyperten-
sion [22,23]. More recently, Loperena e a/. showed that
human aortic endothelial cells undergoing hypertensive
stretch promoted conversion of monocytes to an interme-
diate (CD147/CD16"") phenotype and cause the acquisi-
tion of CD209 (DC-SIGN), which is expressed by DCs
and activated macrophages [17]. ECs undergoing hyper-
tensive stretch profoundly upregulated the expression of
IL-6, 1L.-1B, IL-23, and TNF-a in adjacent monocytes
[17]. Moreover, these activated monocytes markedly
stimulate proliferation of 'T" cells obtained from the same
volunteers. These studies demonstrate that monocytes
and macrophages play a critical role in the development
on various forms of hypertension.

There is ample evidence demonstrating a critical role of
DCGCs in promoting T cell proliferation and the develop-
ment of hypertension and its associated end-organ dam-
age [4,13,24]. In a fundamental study, we discovered that
DCs present immunogenic isol.G-modified proteins that
lead to T cell activation and the development of

hypertension [13]. More recently, we demonstrated a
novel mechanism by which excess salt intake drives
activation of NADPH oxidase and formation of isol.Gs
leading to production of IL-6 and IL-1B in DCs [24]. In
keeping with this, we found that mice lacking serum-
glucocorticoid kinase-1 (SGK1) in DCs abrogates devel-
opment of salt-sensitive hypertension through an
NADPH oxidase-dependent mechanism [4]. These stud-
ies demonstrate a critical role of DCs in promoting pro-
inflammatory responses during hypertension.

As mentioned above, various myeloid cells promote a
pro-inflammatory milieu driving the development of
hypertension. However, there are myeloid cell subsets
that dampen an inflammatory response limiting blood
pressure increase and end-organ damage. Shah e al.
demonstrated that a subpopulation of myeloid cells,
myeloid-derived suppressor cells (MDSCs), limit the
increase in blood and inflammation in response to three
murine models of experimental hypertension [25]. In a
cyclosporine-A model of hypertension, Chiasson er al.
found that adoptive transfer of MSDCs prevented renal
and vascular inflammation and improved vascular relax-
ation [26]. More recently, Crowley e @/. demonstrated
that DCs expressing A20, a ubiquitin-editing protein
known to preserve immune system hemostasis, abro-
gates Ang II-induced elevations in blood pressures by
preventing renal activated T-cell accumulation [20],
demonstrating a vital role of myeloid cells in the sup-
pression of inflammatory events during hypertensive
insults.
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Natural killer (NK) cells or ‘killer’ innate lymphoid cells
(ILCs) are activated by and exert cytotoxic effects on
targeted cells. ILCs can be classified into three groups
based on their surface markers, cytokine production, and
transcription factors. NK cells are part of ILLC1s and have
been shown to play a role in Ang Il-induced vascular
inflammation and dysfunction through production of
INF-vy. Kossman er a/. demonstrated that deletion of
tbox21 or INF-y reduced NK cell infiltration into the
aortic wall during Ang II-induced hypertension [27]. The
role of ILC2s and ILC3s in hypertension remains to be
determined and further study is needed.

The role of excess dietary salt in inflammation
and hypertension

High salt consumption in the Western diet leads to inflam-
mation and cardiovascular disease but the mechanisms are
not known. A major problem with excess dietary intake is
salt sensitivity of blood pressure (SSBP). SSBP is an inde-
pendent risk factor for cardiovascular mortality not only in
hypertensive, butalso in normotensive adults [28,29]. Most
research efforts to understand the mechanisms of SSBP
have focused on renal regulation of sodium (Na®). Drs.
Guyton and Coleman’s modeling posited that salt would
not raise BP unless there was a defect in the regulation of
natriuresis and that a multitude of systems including the
renin-angiotensin-aldosterone system (RAAS), atrial natri-
uretic peptide, and sympathetic outflow respond to changes
inNa"intakeand control BP [30]. However, salt retention or
plasma volume expansion are notenhanced in salt sensitive
(SS) versus salt resistant (SR) individuals [31,32]. In addi-
tion, over 70% of extracellular fluid is interstitial and there-
fore notdirectly controlled by renal saltand water excretion
[33]. Thus, further research is needed to understand the
extrarenal mechanisms contributing to SSBP including a
role of immune cell activation.

Recent studies have found that there is interstitial Na*
storage, which is electrostatically associated with glyco-
saminoglycans, mostly studied in skin and muscle but
could be in other tissues and organs including the kidney
and lymphoid organs [33]. Machnik ¢ @/. found that
excess dietary salt increases interstitial Na* in the skin
without changing plasma concentrations in mice [34].
Subsequent studies using Na MRI found that Na*
accumulates in the skin and skeletal muscle of humans
with hypertension and during aging [35]. These studies
do not contradict proposed mechanisms of pressure natri-
uresis and renal Na™ regulation. However, they support
the premise for existence of extrarenal mechanisms for
Na* homeostasis. It is not known if regulation of intersti-
tial Na* is different in SS versus SR subjects. This is
important because elevated Na* has been found to acti-
vate immune cells, which contribute to hypertension
[36-38]. In addition, these observations regarding tissue
Na* have relevance to circulating monocytes since recent
studies have found that these cells can enter and re-

emerge from tissues with minimal to no differentiation
[39]. There is strong evidence that monocytes contribute
to both BP elevation and end-organ damage. Depletion of
monocytes markedly reduces experimental hypertension
[9]. As described above, antigen presenting cells derived
from monocytes; including macrophages and DCs have
also been implicated in hypertension [13,24,33]. These
monocyte-derived cells activate T cells, which in turn
infiltrate the kidneys and perivascular space and release
inflammatory cytokines that promote renal and vascular
dysfunction leading to elevated BP [33,40].

We recently found that Na* enters monocyte-derived
antigen presenting cells via ENaC, and this is regulated
by the Serum/Glucocorticoid regulated Kinase 1 (SGK1)
[4,24]. This results in calcium influx and activation of
NADPH oxidase, leading to formation of products of lipid
oxidation known as isolevuglandins (Isol.Gs). IsoLGs
adduct to self-proteins forming neoantigens, and activate
T cells, which release cytokines that promote Na* reten-
tion, kidney damage, endothelial dysfunction and BP
elevation. Adoptive transfer of DCs exposed to elevated
salt primes hypertension in response to a subpressor dose
of Ang II [24]. IsoLL.G-protein adduct formation does not
occur mice NADPH oxidase deletion and pharmacologi-
cal scavenging of IsoLGs prevents DC activation, hyper-
tension and end-organ damage [13,24]. These studies
suggest that elevated Na* increases immune cell activa-
tion and that therapeutic strategies to reduce Na* may
reduce inflammation and hypertension.

The role of the inflammasome in hypertension
Monocytes and macrophages play a central role in the
activation of the inflammatory cascade in hypertension
[9,13,17]. Danger-associated molecular pattern receptors
(DAMPs) detect intracellular inflammatory agents
including ROS [41,42]. This results in the activation of
the inflammasome. Inflammasomes are multiprotein
complexes with enzymatic activity that cleave and acti-
vate pro-inflammatory cytokines IL-1 and IL.-18 within
innate immune cells. Numerous unique inflammasomes
participate in unique cellular functions including the
elaboration of cytokines, however, only the NLRP3
inflammasome has been studied in the setting of hyper-
tension. Early studies of hypertensive patients revealed
elevated serum IL-1B when compared to controls [43].
Additionally, monocytes from hypertensive patients
exhibit augmented secretion of IL-1B [44]. This is atten-
uated by angiotensin receptor blockade [45].

Krishnan ¢z a/. employed uninephrectomized mice trea-
ted with DOCA and 0.9% salt in the drinking water as a
model of hypertension, urine output, and renal inflam-
mation. They found that treatment with the NLRP3
inflammasome assembly inhibitor MCC950 resulted in
attenuation of hypertension. This was accompanied by a
reduction in the expression of collagen and pro-
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inflammatory genes in the kidney. Additionally, total
leukocytes and IFN-y positive T-cells were reduced in
the kidney of treated animals [46]. These results support
the role of the NLRP3 inflammasome in hypertension,
however experimental studies examining the role of non
NLRP3 inflammasome subsets in hypertension should be
the focus of additional studies.

The importance of the inflammasome in cardiovascular
disease is highlighted in the Canakinumab Anti-Inflam-
matory Thrombosis Outcome Study (CANTOS) [47].
This study showed the efficacy of Canakinumab, an
anti-IL-1p antibody, at reducing recurrent cardiovascular
events in patients with elevated high sensitivity C reac-
tive protein levels (CRP). While this study showed no
significant change in blood pressure with Canakinumab
therapy, an additional analysis was performed that exam-
ined the benefit of Canakinumab in groups of participants
divided into quartiles based on blood pressure. This
analysis revealed a trend of greater reduction in major
adverse cardiac events in the highest blood pressure
quartile [48]. These studies suggest a role of the inflam-
masome in the pathogenesis of hypertension. Further
studies are needed to identify the intracellular mecha-
nisms and specific cell types involved in these processes.

The microbiome, inflammation, and
hypertension

Short chain fatty acids, primarily propionate, acetate, and
butyrate, are metabolites of the intestinal microbiome.
These are typically metabolized by first pass hepatic
metabolism, however, a small fraction of SFCAs are
released into the systemic circulation where they are
bioactive. SFCA’s modulate immune cell function.
Immune cells express the SFCA G-coupled protein
receptors FFA2, FFA3, and GPR109A. FFA2 specifically
is expressed primarily on cells of the immune system,
specifically on dendritic cells and monocytes [49]. FFA2
receptors are potently agonized by 2-carbon acetate and
the 3-carbon propionate over the 4-carbon butyrate mol-
ecule. These receptors are coupled to G, and Gq sub-
units which, when activated, result in an anti-inflamma-
tory affects upon agonism of these receptors via inhibition
of NF-kB [50]. These studies suggest that alteration of
microbial metabolites may directly activate proinflamma-
tory pathways within immune cells.

Next generation bacterial sequencing has led to numer-
ous recent investigations into the role of the microbiome
in hypertension. Santisteban ¢/ /. showed an increase in
gut permeability in hypertensive rats which correlated
with augmented gut-neuronal communication [51]. Yang
et al. showed an increase in fecal Firmicutes/Bacteroi-
detes ratio in the spontaneously hypertensive rat model of
hypertension compared to Wistar Kyoto control rats [52].
Similarly, Cheema ez a/. characterized shifts in the micro-
biome and associated metabolites in the Ang II mouse

model of hypertension [53]. Importantly, in the Ang II
model, rats treated with the antimicrobial minocycline
exhibited attenuated hypertension and reduction of the
Firmicutes/Bacteroidetes ratio. In this same study, it was
found that hypertensive patients exhibit a reduction in
fecal microbial richness [52]. While many studies describ-
ing the relationship of the microbiome and hypertension
have shown correlations between disease state and
metabolites or microbial imbalance, there have been
some recent mechanistic insights into these processes.
Sharma ez a/. recently described the effects of intracer-
ebroventricular administration of the antimicrobial deriv-
ative tetracycline-3 on hypertension and microbial com-
munities in hypertensive rats. Infusion of tetracycline-3
resulted in attenuation of Ang II induced hypertension,
inhibited neuroinflammation, and increased microbial
fecal richness indices [54]. These data further suggest
a role of the central nervous system in the regulation of
the microbiome and the activation of microglial inflam-
matory cells in the setting of hypertension.

Work from our group has described an important role of
excess dietary salt as a modifier of the gut microbiome in
humans and mice. This is associated with an increase in
blood pressure in humans and predisposition to vascular
inflammation, DC activation, and hypertension in a
mouse model of hypertension [14]. Wilck e# 4/. found
that in both mice and humans, there is a significant
increase in blood pressure, Th17-mediated inflammation,
and changes in the gut microbiome following a high salt
diet [55]. Additionally, Bartolomacus e @/. showed that
the SCFA propionate reduced cardiac remodeling and
hypertension in apolipoprotein E (ApoE) knockout mice
treated with Ang II [56]. This was associated with a
marked attenuation of systemic inflammation, T-cell
expansion, and cardiac immune cell infiltration [56].
These studies clearly show a correlation of microbiome
diversity and metabolism in the development of inflam-
mation and hypertension. Continued mechanistic studies
of these processes will likely yield important new insights
into the role of the environmental interaction with the
immune system in hypertension and cardiovascular
disease.

Hypertension, inflammation and COVID-19

Diabetes, cerebrovascular disease, and hypertension are
among the most prevalent comorbidities noted in patients
with confirmed COVID-19 [57-59]. Both SARS-CoV and
SARS-CoV-2 utilize the angiotensin-converting enzyme
2 (ACEZ2) as an entry receptor which is mediated by the
spike protein for both viruses [60]. ACEZ2 is a membrane
bound carboxypeptidase that cleaves angiotensin (Ang) |
into Ang 1-9 and Ang II into Ang 1-7. Yang ¢z /. showed
that SARS-CoV exhibits augmented replication in mice
that overexpressed the human ACE2 enzyme under the
mouse ACE2 promoter [61]. However, multiple studies
have shown a potentially protective role of ACE2 activity
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in lung injury and lung failure [62,63]. These studies
suggest potential adverse effects of both ACE2 over-
expression and ACE2 inhibition in SARS-CoV-2 infec-
tion. Several studies have suggested that treatment with
ACE inhibitors may downregulate ACE2 expression [64].
However, Xu ef a/. in a retrospective single center analy-
sis, showed that COVID-19 patients with pre-existing
hypertension who were taking ACE inhibitors did not
display significant differences in mortality, mechanical
ventilation, or ICU admission [65]. Reynolds ez /. exam-
ined the relationship between antihypertensive therapy
and the likelihood of severe illness in COVID-19 positive
patients and found no significant increase in risk with any
medication class including ACE inhibitors and angioten-
sin receptor blockers (ARBs) [66]. In a case-control study,
Mancia ez a/. showed no association of ACE inhibitor or
ARB use with COVID-19 positivity, disease severity, or
fatality [67]. Based upon these studies and others, clinical
guidelines do not support discontinuation of ACE inhibi-
tor or ARB use in COVID-19 patients.

As mentioned above, hypertension is more common in
patients with severe COVID-19 infections [68]. The
clinical presentation of severe presentations has been
compared to cytokine release syndrome and therefore
immunomodulation has been suggested as a potential
therapeutic strategy in the treatment of severe
COVID-19 [69-71]. The presence of hypertension in
patients with severe COVID-19 infections is not isolated
and is associated with other comorbidities and advanced
age. However, given the essential role of inflammation in
the development and pathogenesis of hypertension, it is
conceivable that hypertension may represent an immu-
nologically vulnerable condition that predisposes patients
to more severe presentations.

Summary and perspectives

Numerous antihypertensive therapies are currently pre-
scribed to patients worldwide, however, despite the avail-
ability of therapies, treatment of hypertension remains a
challenge. Awareness of hypertension has improved and, in
2015-2016,48% of patients demonstrated improved control
in the United States [72]. Despite these improvements,
there remains significant disparities in hypertension control
globally, with low income countries exhibiting increases in
prevalence and poorer control of hypertension [73]. It is
clear that there remains a significant need for continued
research and therapeutic development for the treatment of
hypertension in addition to a multidisciplinary approach to
increase awareness and control. The discovery of novel
mechanisms of immune activation suggest new potentially
modifiable factors and therapeutic strategies to affect these
changes. The regulation of immune activation by both the
microbiome and sodium levels suggest that modification of
dietary intake may affect inflammation and hypertension.
Continued studies focused on these mechanisms may lead
to new insights into the role of lifestyle changes and

inflammation. These studies also suggest novel cellular
targets that may be considered for the development of
durableantihypertensive therapies. Itisalsoclear thatnovel
techniques such as next generation microbial sequencing
and single cell sequencing are essential tools for these
studies moving forward. Finally, focusing on immune acti-
vation in hypertension may provide novel insights into the
mechanisms of severe COVID-19 infections and should be
pursued in focused mechanistic studies.
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