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The contribution of immune cells in the initiation and mainte-
nance of hypertension is undeniable. Several studies have estab-
lished the association between hypertension, inflammation, and
immune cells from the innate and adaptive immune systems. Here,
we provide an update to our 2017 American Journal of Hypertension
review on the overview of the cellularimmune responses involved
in hypertension. Further, we discuss the activation of immune cells
and their contribution to the pathogenesis of hypertension in dif-
ferent in vivo models. We also highlight existing gaps in the field of
hypertension that need attention. The main goal of this review is
to provide a knowledge base for translational research to develop
therapeutic strategies that can improve cardiovascular health in
humans.

Theimmune system playsafundamental rolein the intricacies
of the human body with varying responses dependent on
daily attributions. New immunological breakthroughs have
demonstrated an indisputable and increasingly prevalent
role of immune cells in the pathogenesis of hypertension.
Extensive studies have demonstrated a strong relationship
between hypertension, immune cells, and inflammation.
Imbalance between different pro-inflammatory and anti-in-
flammatory immune cells determines the severity of inflam-
mation. This updated review presents potential mechanisms
of immune cell-mediated pathology of hypertension using
various in vivo models.

IMMUNE SYSTEM

The immune system encompasses entire organ systems
and provides protection from pathogens and foreign bodies.!
These defense mechanisms are arbitrated by successive and
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organized responses known as the innate and adaptive im-
mune responses. The innate immune response is present at
birth and acts as the first line of defense by rapidly engaging
in protective measures against pathogens. The adaptive im-
mune response acts as a delayed secondary antigen-specific
response. It is regulated by innate immune cell crosstalk
with the ability to retain memory of antigens, correlating to
a rapid response during future encounters.> The intricacies
of immunological mechanistic links in diseases such as hy-
pertension remain relatively obscure.

INNATE IMMUNITY

The innate immune response becomes activated via in-
fection from microbial invasion or tissue injury.® Defenses
of the innate immune system include anatomic and phys-
iologic barriers, endocytosis, phagocytosis, inflammation,
and the complement system.* Antigen presenting cells
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(APCs) and natural killer (NK) cells play crucial roles in
the innate immune response. Innate immune cells express
pathogen recognition receptors (PRRs), such as Toll-like
receptors (TLRs), that allow the cell to activate immunolog-
ical responses in response to pathogen-associated molecular
patterns (PAMPs) or damage-associated molecular patterns
(DAMPs).5

APCs, including monocytes, macrophages, and dendritic
cells (DCs), digest pathogenic antigens via phagocytosis.
These cells identify digestible apoptotic cells or microbial
pathogens via opsonic or nonopsonic receptors on the cell’s
plasma membrane.® Presentation of processed antigens on
the surface of APCs, in conjunction with a major histocom-
patibility complex (MHC) molecule, to cells of the adap-
tive immune system elicits an adaptive immune response.
Monocytes arise from bone marrow and circulate through
the blood and differentiate into macrophages after entering the
tissue. Macrophages are able to live for long periods in the tissue,
and their main function is to ingest and destroy microbes while
removing damaged tissues.! Macrophages are categorized as
classically activated M1 pro-inflammatory or alternatively
activated M2 anti-inflammatory cells. DCs are tissue resident
sentinel cells that bridge the innate and adaptive immune re-
sponse by activating T lymphocytes. DCs present antigen
to T cells via PAMPs or express membrane costimulatory
molecules that promote T cell responses or differentiation
into effector cells.!

NK cells develop mainly in the bone marrow; however,
recent evidence has provided support of maturation in sec-
ondary lymphoid tissues.” They recognize self from non-self
as well as mediate antitumor and antiviral responses due to
healthy cells expressing MHC Class I molecules whereas
infected/damaged cells lose MHC Class I expression.® They
directly eliminate targets via NK cell-mediated cytotoxicity
or indirectly through pro-inflammatory cytokines.?

ADAPTIVE IMMUNITY

Adaptive immunity is facilitated by a T cell-mediated
cellular response and a B cell-mediated humoral response,
aided by innate immune cell presentation of antigens.’
The adaptive immune response primarily functions to dis-
tinguish non-self antigens from self-antigens, produce
responses based upon memory established via previous an-
tigen interactions, and respond with high specificity.*° The
adaptive response is the basis for immunization against
diseases by eliciting quick and effective memory responses.

T cells are derived from hematopoietic stem cells and mi-
grate to the thymus to mature, and subsequently circulate
among lymphoid organs.* T cells express T cell receptors
(TCRs) on their cell membranes to bind antigens and are
activated via APCs. The presentation of antigens by MHC
molecules allows for differentiation of T cells into cytotoxic
T cells, helper T cells (Th), memory T cells, or regulatory
T cells (Tregs). CD8+ cytotoxic T cells are activated via
interactions of their TCRs with MHC Class I molecules and
destroy tumor cells and virus-infected cells via phagocytosis;
a few retained cells are kept to achieve a memory response.*
CD4+ Th cells coordinate the immune response through

activation of other immune cells such as macrophages, B
cells, and CD8+ T cells. Th cells are activated via TCR MHC
Class II recognition and differentiate into several subtypes.
Thl-derived cytokines, like interferon (IFN)-y, activate
macrophages and increase their bactericidal components,
increase immunity, and contribute to B cell differentiation
to aid in phagocytosis via the production of opsonizing
antibodies.* Th17 cells produce IL-17 and are associated
with pro-inflammatory responses in chronic infections and
diseases.* Th22 cells play a role in inflammation and auto-
immune diseases, secrete the cytokines IL-22, IL-13, TNE-
a, and express chemokine receptors CCR4, CCR6, and
CCR10.!° Treg cells limit and suppress immune responses
and are of 2 types: natural (nTregs) and induced (iTregs)
regulatory cells.* nTregs develop in the thymus, whereas
iTregs originate from peripheral naive conventional T cells.!!
Newly discovered choline acetyltransferase-expressing T
(TChAT) and yd T cells have been implicated in blood pres-
sure regulation.!>13

B cells play an active role in the antibody-mediated im-
mune response and are generated from hematopoietic stem
cells in the bone marrow. They can serve as APCs and ex-
press TLRs to monitor for DAMPs and PAMPs. After matu-
ration in the bone marrow, B cells leave with unique antigen
binding receptors on their cell membranes. B cells recognize
antigens directly via antibody expression on the cell’s surface
and get activated via CD40 interactions after they encounter
antigens.! Then they proliferate and differentiate into
antibody-secreting plasma cells or memory B cells.* Plasma
cells are short lived and undergo apoptosis when the threat
that stimulated them is gone, ensuring a controlled early hu-
moral response.* They secrete 5 major antibodies into cir-
culation (IgA, IgD, IgE, IgG, and IgM) to aid in protection.?
Memory B cells are able to survive past infection, aiding in
re-exposure via rapid production of antibodies.*

IMMUNE SYSTMEM ACTIVATION IN HYPERTENSION

The immune system is activated by exogenous or endoge-
nous stimuli and the degree to which the system is activated
is highly dependent on the individual. Upon activation, im-
mune cells release cytokines and other pro-inflammatory
factors, inducing inflammation in the interstitium and
blood vessels. Given the chronic inflammatory nature of hy-
pertension, this inflammation fails to rescue blood pressure
and instead leads to endothelial dysfunction, impaired renal
sodium handling, arterial remodeling and stiffening, and
end-organ damage. Inflammation and immune responses
are critical to the initiation, progression, and maintenance
of many types of hypertension, and most immune cell types
play some role in the disease process (Figures 1 and 2).14-18

APCs use PRRs to detect foreign antigens and apop-
totic signals. Upon exposure to DAMPs and PAMPs, PRRs
are activated and begin to recruit leukocytes to their lo-
cation. TLRs are the most well known of the PRRs and
are expressed on most types of APCs. TLRs play a major
role in inducing and sustaining inflammation in hyperten-
sive conditions by initiating pro-inflammatory signaling
pathways.'*-2! In hypertension, TLRs are activated via
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nuclear proteins, cytosolic proteins, and neoantigens.’
Different subtypes of TLRs participate in different signaling
pathways and produce unique downstream effects. Further
investigation into the roles of TLRs in hypertension is un-
derway. Recently, Ishikawa et al. demonstrated that in-
hibition of TLRY decreased blood pressure and lessened
side effects of hypertension in the vasculature and lungs
of rats.!” Additionally, Pushpakumar et al. reported that
TLR4-deficient mice experienced a blunted blood pressure
response to angiotensin I (AnglI) infusion and protec-
tion from kidney damage.?? These studies, among others,
have identified TLRs as a potential target for hypertensive
therapies.

Presentation of antigens and neoantigens by APCs is
required for activation of T and B cells and contributes
to the pathogenesis of hypertension (Figures 1 and
2).1723-25 Recently, it has been reported that MHC
Class II-expressing monocytes present antigens to effector
CD4+ T cells and induce inflammation in glomeruli.?
Hypertensive stimuli induce differentiation of naive T
cells into cytotoxic, helper, regulatory, and memory T cell
subsets. Due to their many phenotypes, T cells can play
different roles in the pathogenesis of hypertension, in-
cluding roles that are pro-inflammatory and anti-inflam-
matory. B cells tend to play a pro-inflammatory role, as
their activation and IgG production is necessary for the
development of hypertension.?

The primary mechanism that drives immune cell ac-
tivation under hypertensive conditions remains unclear,
but several have been implicated in this process. Increases
in sympathetic outflow, renal perfusion pressure, re-
active oxygen species, salt levels, and splenic activity
have been observed to induce immune cell activation in

hypertension.?’-** Immunomodulation is a promising op-
tion to rescue blood pressure, resolve inflammation, and
improve patient outcomes; however, due to the wide va-
riety of factors that influence blood pressure in hyperten-
sion, potential therapeutic targets are challenging due to
their immunosuppressive effects. We pursued an alterna-
tive strategy in which we aided in immune cell exfiltra-
tion of the kidneys through augmenting lymphatics. This
was able to decrease renal pro-inflammatory immune
cells and blood pressure in mice with various forms of
hypertension.3*%

Pharmacological or genetic manipulation of im-
mune cells such as monocytes, pro-inflammatory T cells
(CD8+, CD4+ Thl17, Th22, and yd, among others), and
plasma cells have been shown to prevent and/or im-
prove hypertension, while depleting immune cells such
as invariant natural killer T (NKT) cells, Tregs, TChATs,
and myeloid-derived suppressor cells exacerbates the
condition.?*35%3 A recent study reported that depleting
plasma cells in hypertensive mice decreased circulating
autoantibodies, prevented IgG deposition, prevented
renal damage and pro-inflammatory immune cell infil-
tration, and decreased blood pressure.*® Another study
highlighted the protective role of CD1d-dependent NKT
cells in hypertension and cardiac remodeling.*® The
number of different immune cells playing instrumental,
yet varied, roles in hypertension makes finding an ideal
target for immunotherapy challenging. Additionally, cer-
tain types of immune cells cannot be modified without
risking system-wide consequences. Continued investiga-
tion of immune cell roles is needed to determine appro-
priate therapeutic options for hypertensive patients while
maintaining a strong immune system.
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Figure 1. Summary of immune cell involvement in hypertension.
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Figure 2. Role of immune cells in the pathogenesis of hypertension. Hypertension-related DAMPs and PAMPs activate TLRs and NLRP3 inflammasomes
in M1 macrophages and DCs contributing to inflammation. Neoantigens are processed and presented by DCs to B and T cells that lead to differentiation
of plasma cells and effector T cell subsets (CD8+ T cells, Th1,Th17,Th22 cells, and y8 T cells). MDSCs, M2 macrophages, Tregs, TChAT, and iNKT cells prevent
the formation of pro-inflammatory cytokines, attenuate inflammation, and attenuate hypertension. Abbreviations: DAMPs, danger-associated molec-
ular patterns; DC, dendritic cells; iNKT, invariant natural killer T cells; M1, pro-inflammatory macrophages; M2, anti-inflammatory macrophages; MDSCs,
myeloid-derived suppressor cells; NLRP3, NOD-, LRR-, and pyrin domain-containing 3 inflammasomes; PAMPs, pathogen-associated molecular patterns;
TChAT, choline acetyltransferase-expressing CD4+ T cells; Th, T helper cells; Treg, regulatory T cells.

SPONTANEOUSLY HYPERTENSIVE RATS

The spontaneously hypertensive rat (SHR) is a well-es-
tablished genetic model of hypertension that develops hy-
pertension at a young age and exhibits pathological changes
including impairment of renal function and a dysregulated
immune system. SHR showed a drastic increase in splenic
pro-inflammatory CD161+ (a C-type lectin-like receptor
that serves as a marker for NK cells and type 17 pheno-
type across T cell populations) immune cells at birth that
increased with age, along with infiltration of these cells in
the kidneys and aortas.** In neonatal spleen, CD4+CD161+
and CD8+CD161+ cells were reported to be elevated and
attributed to elevated expression of master transcription
factor RORyt transcription that induces the production of
the pro-inflammatory cytokine IL-17F contributing to salt-
induced hypertension.* Interestingly, chloroquine reduced
blood pressure in young SHR by impairing TLR9 signaling,
reducing circulating T cells, and recruiting CD45+ immune
cells to the vasculature.*> Recently, it has been reported that

increased expression of renal TLR4 in male SHR, in com-
parison to female SHR, is not implicated in the relative in-
crease in the blood pressure and pro-inflammatory renal T
cell profile in male rats.*4” In addition, splenectomy in SHR
demonstrated that the higher abundance of renal Tregs in
females was due to infiltration into the kidneys, rather than
increased production of Tregs.*®

The association of the gut microbiome and hypertension
has been studied extensively in the past decade. In SHRs,
increased wall permeability, altered expression of tight
junction proteins, and microbial dysbiosis was reported
in the gut, along with increased expression of Cd68, Cd3,
II-1B, and Tlr4 in the small intestine and proximal colon,
further supporting the role of gut health in the pathogen-
esis of hypertension.* Altered composition of gut micro-
biota of SHR in the early neonatal period was restored by
cross-fostering SHR rats by normal WKY mothers. Cross-
fostering improved gut microbiota dysbiosis in SHR and
decreased pro-inflammatory CD161+ cells in the spleen
and aorta, thereby lowering blood pressure at adulthood.*
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Another study showed that fecal microbiota transplantation
from SHR to WKY rats induces gut microbiota dysbiosis
(characterized by an increased Turicibacter and decreased
$24-7_g), upregulation of DC maturation and activation
markers (CD80 and CD86), imbalance in Th17/Tregs ratio
in mesenteric lymph nodes, aortic T cell infiltration, and hy-
pertension.>! Supplementation of probiotics and short chain
fatty acids restored Th17/Treg imbalance in mesenteric
lymph nodes and decreased endotoxemia and blood pres-
sure in SHR. These changes resulted from increased Treg in-
filtration and decreased activation of the lipopolysaccharide
(LPS)/TLR4 pathway in the vasculature.> Taken together,
it is evident that gut microbiota dysbiosis is associated with
immune cell changes and hypertension.

SALT-INDUCED HYPERTENSION

The role of the innate and adaptive immune systems in
salt-sensitive hypertension (SSHTN) has been well estab-
lished by utilizing low renin, high salt animal models, in-
cluding uni-nephrectomized deoxycorticosterone acetate
(DOCA)/salt-induced hypertension, Dahl salt-sensitive
rats (DSS), and L-arginine methyl ester hydrochloride
(L-NAME)/high salt-induced hypertension.

High salt triggers activation of the innate immune complex
NLRP3 inflammasome, which releases pro-inflammatory
cytokines IL-1B and IL-18.5%%* DOCA/salt mice with a
knockout of a critical inflammasome adaptor protein showed
decreased expression of renal IL-1B-induced cytokines I/6
and Il17a.5> NLRP3 inhibition significantly reduced renal
expression of pro-Il1f3, pro-Il18, 1l17a, and Tnfa, as well as
a decrease in T cells that produce IFN-y.% IL-18, produced
by renal tubular epithelial cells of DOCA/salt-treated mice,
contributes to increased blood pressure and renal inflamma-
tion by stimulating the production of IFN-y by T cells.>”

APCs demonstrate a pro-inflammatory phenotype in
SSHTN. DSS rats fed a high salt diet demonstrated a signif-
icant increase in renal M1 macrophages, with upregulation
of TLR4, CD14, Ly96, and IL-6 receptor, when compared
with consomic SSBN13 controls.® Excess salt primes DCs
for IL-1P to promote pro-inflammatory T cell cytokines after
co-culture with splenic T cells from L-NAME-treated mice.
High salt enters DCs through epithelial sodium channel
(ENaC) and activates NADPH oxidase, which in turn in-
crease isolevuglandin (IsoLG) production. 3> DCs then
produce IL-1pB and promote T cell production of IL-17A and
IFN-y.*® Serum/glucocorticoid regulated kinase 1 (SGK1)
mediates assembly of ENaC and formation of IsoLG.® SGK1
knockout in CD11+ cells of L-NAME-treated mice was as-
sociated with reduction of renal CD4+ and CD8+ T cells.*

T cell involvement in SSHTN has been further defined.
SGK1 deficiency in CD4+ T cells reduced vascular CD45+
cells and CD3+ T cells in DOCA/salt mice.*! Na*-K*-2Cl~
cotransporter 1 (NKCC1) is upregulated in Th17 cells and
may help mediate T cell salt sensing.?! CD8+ T cells infil-
trate distal convoluted tubules in DOCA/salt mice, leading
to upregulation of sodium chloride cotransporter and
increased sodium retention.®® An increase in renal Tregs
in female DOCA/salt rats that was not seen in male rats
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highlight sex differences in T cell-mediated protection from
DOCA/salt-mediated hypertension.5

Excess sodium alters gut dysbiosis and production
of metabolites like short chain fatty acids, which play a
role in inflammation. A high salt environment reduces
Lactobacillus spp., which synthesize indole metabolites
that have been shown to reduce blood pressure and inhibit
Th17 polarization.® Supplementation of L. murinus sig-
nificantly reduced splenic Th17 cells in L-NAME-treated
mice.*® Supplementation of sodium butyrate reduced blood
pressure and renal expression of Tnfa and Il6 in DOCA/salt
mice.®* Other dietary interventions such as time-restricted
eating has been reported to reduce inflammation and blood
pressure in people with hypertension.®® Time-restricted
feeding significantly decreased blood pressure in mice with
nitro-L-arginine methyl ester hydrochloride-induced hy-
pertension.®® There was a significant decrease in activated
macrophages and DCs in the kidneys of these mice.®® As the
incidence of SSHTN continues to grow, the role of excess so-
dium in inflammation should continue to be investigated.
Further studies focusing on altering gut flora and supple-
mentation of metabolites would be promising for developing
therapeutics for the treatment of hypertension.

ANGIOTENSIN II-INDUCED HYPERTENSION

Angiotensin II-induced hypertension (A2HTN) models
continue to be utilized to further investigate the role of in-
nate and adaptive immunity in hypertension. Recently, it was
demonstrated that TLR3 and its intracellular adaptor TRIF
are the primary TLR signaling pathway needed for A2HTN
in the heart and kidneys.®” Neutrophil extracellular traps
(NETs) are prothrombotic meshes of protein and chromatin
that are involved in inflammation and adaptive immunity
and have also been implicated in the early stages of hyper-
tension, increasing in an Angll-dependent fashion.®® While
the mechanism behind still remains largely unknown, de-
crease in DNase I resulting in impaired NET clearance or
the presence of hypomethylated CpG regions in NET DNA
activating Toll-like receptor 9 seems to be the most likely pos-
sible reasons.® Similar to NETS, circulating Axl+ Siglec-6+
DCs are increased in hypertensive humans, and mice with
A2HTN had an increase in Axl-activating ligands, while an
Axl inhibitor blunted the rise in the blood pressure. Further,
Axl inhibition or deletion reduced infiltrating DCs and T
cells in the kidney and aorta.”® y§ T cells also increased in the
spleen in A2HTN and mice deficient in TCRS demonstrated
minimal blood pressure response to AnglI as well as reduced
splenic T cell activation, with anti-TCRy§ treatment
attenuating the increase in blood pressure.”! Microglial cells
similarly increase in A2HTN alongside changes in gut micro-
biota, with both reverting to normal with decreases in mean
arterial pressure when treated with a tetracycline derivative.”
Macrophage-produced 12/15-lipoxygenase has been shown
to potentiate the vasoconstrictive effect of Angll, contributing
to the development of A2HTN.” AnglI infusion can lead to
increased levels of plasma sphingosine-1-phosphate (S1P),
an immune cell trafficking signal, and coupling a S1P re-
ceptor agonist with AnglI infusion results in a lessened blood
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pressure increase.”* T cell subsets have been evaluated inten-
sively, demonstrating the effects of interleukins and extra-
cellular vesicles produced by T cells on A2HTN. Mice with
deletions of IL-6 or Rag-1 showed resistance to thrombosis
caused by A2HTN while extracellular vesicles derived from
T cells increased in the kidney and in circulation as a result
of A2HTN.”>7¢ The activation of C3a/C3aR and C5a/C5aR
signaling reduces the expression of Foxp3 in the Tregs and
limits the immunosuppressive function.”” Genetic deletion or
pharmacological blockade of C3aR and C5aR have shown to
promote the differentiation of FOXP3+ Tregs.”® In A2HTN,
the expression of C3aR and C5aR was increased in FOXP3+
Tregs, while mice deficient in both receptors experienced a
blunted blood pressure in response to AnglI with less renal
damage and remodeling.#' Th22 cells producing IL-22 were
elevated in hypertensive patients and AnglI-infused mice, and
both anti-IL-22 treatment and STAT3 inhibition mitigated
the increased blood pressure.’” Macrophage and T cell in-
filtration into kidney has been implicated in the amplifica-
tion of A2HTN and end-organ damage in Dahl salt-sensitive
rats.” In addition, menopause, Treg depletion, or transfer of
mixed splenocytes from hypertensive mice are each sufficient
to cause premenopausal normotensive females to become hy-
pertensive.38! Notably, the mixed splenocyte transfer raises
questions regarding which cell types (or combinations of
cell types) are required for the premenopausal protection to
be overcome, as T cell transfer alone is insufficient without
the addition of B cells, macrophages, and DCs. Overall, the
A2HTN animal model continues to be a valuable tool in de-
termining the role of immunity in hypertension.

HYPERTENSIVE DISORDERS OF PREGNANCY

Hypertensive disorders of pregnancy account for more
than 10% of pregnancy complications, leading to maternal
and fetal morbidity and mortality.®> These disorders are
broadly categorized into chronic hypertension, preeclampsia
(PE)-eclampsia, chronic hypertension with superimposed
PE, and gestational hypertension.®® Among these, PE is the
most prevalent multiorgan disease characterized by new-
onset hypertension and proteinuria after 20 weeks gestation
in combination with hemolysis, elevated liver enzymes, low
platelet count (HELLP) syndrome, pulmonary edema, and
kidney and liver dysfunction.®* Improper trophoblast inva-
sion and placentation along with defective remodeling of
uterine spiral arteries incites placental ischemia, and ab-
normal maternal immune responses all lead to imbalanced
immune cells contributing to the excessive inflammatory
state contributing to the pathogenesis of PE and other hy-
pertensive disorders of pregnancy.358

During early pregnancy, NK cells are the most abundant
innate immune cells in the decidua and crucial for spiral
artery remodeling.8”-% Decidual NK (dNK) cells were ele-
vated at maternal-fetal interface in PE when compared with
normal pregnancies.”®! Elevated NK cells and cytolytic acti-
vation were observed in peripheral blood from women with
PE as well as Reduced Uterine Perfusion Pressure (RUPP)
rat model.”>** Anti-inflammatory compounds like IL-4 and
17-hydroxyprogesterone caproate have been reported to re-
duce total and cytolytic placental NK cells while improving

blood pressure in RUPP rats, suggesting NK cell modulation
for the treatment of PE.?>%

Macrophages, the second largest immune cell popula-
tion in the decidua, exhibit an anti-inflammatory M2 phe-
notype.”” An imbalance in M1/M2 macrophages has been
documented at the maternal-fetal interface in PE, leading
to a local pro-inflammatory state.”®-192 Vascular endothelial
growth factor (VEGF) treatment enhanced macrophage mi-
gration and shifted polarization toward the M2 phenotype in
vitro.*” In LPS-induced PE-like rat model, the expression of T
cell immunoglobulin mucin 3 (Tim-3), a checkpoint receptor
regulating immune tolerance, and its ligand Galectin-9, were
reduced at the maternal-fetal interface. Administration of
Galectin-9 and TIM-3 ligand increased M2 macrophages and
reversed the impairments at the maternal—fetal interface.!”!
Notably, combined activation of PD-1/Tim-3 pathway with
PD-L1/Galectin-9 proteins inhibited M1 macrophage po-
larization and ameliorated PE-like symptoms in LPS-treated
rats.!92 The complement system has also been implicated
in the pathogenesis of PE, where elevated levels of C5a in
the placenta were associated with increased infiltration of
CD11b+ macrophages and trophoblast dysfunction in PE.!%®
Targeting these inflammatory macrophages may provide
new therapeutic strategies to improve pregnancy outcomes
in women with hypertensive disorders.

DCs play a crucial role in maternal-fetal tolerance during
pregnancy.'® Changes in DC populations and proportions
in the circulation and at the tissue level have been implicated
in disrupted maternal-fetal tolerance.!%-1%7 Notably, the
decidua of women with PE had increased expression of
DC-specific Inc-DC (long noncoding RNA that regulates DC
maturation by phosphorylating STAT3)!%; and p-STATS3,
along with increased number of mature DCs suggesting the
role of Inc-DC in the induction of DC maturation.!” Mature
DCs present antigens to T cells and stimulate proliferation
of Th1/Th17 cells, resulting in pro-inflammatory responses
consequently disrupting maternal-fetal tolerance.!?-110

Tregs are the most critical adaptive immune cell type
that help create an immunosuppressive environment for
the maintenance of maternal-fetal tolerance during preg-
nancy.!!! Reduction in the percentage of Tregs and the ex-
pression of Treg-related transcription factors like FOXP3
and GATA3 along with an increase in the percentage of
Th17 cells in the circulation were reported in women with
PE.106107.112-119 Moreover, the Treg/Th17 imbalance observed
at the maternal-fetal interface in women with PE has been
attributed to decreased expression of programmed cell
death-1(PD-1)and PD-ligand 1 (PD-L1), altered proportions
of DC subsets in the circulation and impaired lymphangio
genesis. 106107118120 Ty PE, there is a significant decrease in
clonally expanded populations of effector Tregs in the de-
cidua during the third trimester.!?! In women with PE, there
was increased expression of the transcription factors T-bet
and retinoic acid receptor-related orphan receptor (ROR)yt
(which regulates differentiation of Th cells into Th1 or Th17)
in peripheral blood mononuclear cells.’?? siRNA-mediated
knockdown of T-bet and RORyt in activated T cells in vitro
ameliorated T cell imbalance by increasing FOXP3 expres-
sion.'?? The role of activated T cells in the pathogenesis of PE
was supported by increased expression of activation markers
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like HLA-DR and CD122 and increased placental y§ T
cells.12%124 Activated proportions of CD4+ memory, CD4+
effector memory (EM), and CD4+ central memory (CM)
cells were reduced in the peripheral circulation of women
with PE.!?* Similar to changes observed in circulating T cell
populations, increased activated CD4+ and CD8+ memory
cells were reported at the fetal-maternal interface in women
with early-onset PE and decreased CD4+ CM and CD8+
memory cell populations in the decidua from both early-
and late-onset PE groups.'?® Interestingly, there was an in-
crease in decidual CD8+ EM cells lacking PD-1 expression
in women with PE and miscarriages.!*” The contribution
of B cells in the pathogenesis of PE came to light with the
finding of auto-antibodies against Angll ATI1R in pree-
clamptic women.'?® However, a study in the RUPP rat model
reported no change in Bl and B2 cell populations in periph-
eral blood, spleen, and placenta, and B cell depletion with
anti-CD20 antibody was found to be ineffective against PE
symptoms.'?? Hence, extensive research is needed to provide
deeper insights into the contributions of different immune
cell subsets to local and systemic inflammation in women
with pregnancy complications due to hypertension.

CONCLUSION AND FUTURE DIRECTIONS

Certain factors relating to induction and progression of hy-
pertension were not presented extensively in this review such as
the role of the complement system, oxidative stress, cytokines,
chemokines, and MHC in immunological contributions to di-
sease progression. The influence of the immune system and its
role in hypertension can be further elucidated due to complex
system interactions. A key area of developmental focus relates
to the interface between the gut flora and metabolite alterations
in hypertension. Current treatments for hypertension include
lifestyle modifications or pharmacotherapies, often used in
combination to reduce hypertensive effects; however, most
therapeutics focus on inhibition of the renin-angiotensin-al-
dosterone system and in turn fail to prevent end-organ damage
showcasing the need for further development in the treatment
field of hypertension.

FUNDING

This work was funded by National Institutes of Health
DK120493 to B.M.M. and American Heart Association Post-
Doctoral Fellowship 916912 to S.N.

DISCLOSURE

The authors declared no conflict of interest.

REFERENCES

1. Abbas AK, Lichtman AH, Pillai S, Baker DL, Baker A. Cellular and
Molecular Immunology, 9th edn. Elsevier: Philadelphia, PA, 2018.

2. Kubelkova K, Macela A. Innate immune recognition: an issue more
complex than expected. Front Cell Infect Microbiol 2019; 9:241.

848 American Journal of Hypertension 35(10) October 2022

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hato T, Dagher PC. How the innate immune system senses trouble and
causes trouble. Clin ] Am Soc Nephrol 2015; 10:1459-1469.

. Marshall JS, Warrington R, Watson W, Kim HL. An introduction to im-

munology and immunopathology. Allergy Asthma Clin Immunol 2018;
14:49.

. Mikolajczyk TP, Guzik TJ. Adaptive immunity in hypertension. Curr

Hypertens Rep 2019; 21:68.

. Uribe-Querol E, Rosales C. Phagocytosis: our current understanding of

a universal biological process. Front Immunol 2020; 11:1066.

. Scoville SD, Freud AG, Caligiuri MA. Modeling human natural killer

cell development in the era of innate lymphoid cells. Front Immunol
2017; 8:360.

. Paul S, Lal G. The molecular mechanism of natural killer cells function

and its importance in cancer immunotherapy. Front Immunol 2017;
8:1124.

. Song J, Deng T. The adipocyte and adaptive immunity. Front Immunol

20205 11:593058.

Jiang Q, Yang G, Xiao F, Xie J, Wang S, Lu L, Cui D. Role of Th22 cells
in the pathogenesis of autoimmune diseases. Front Immunol 2021;
12:688066.

Schmitt EG, Williams CB. Generation and function of induced regula-
tory T cells. Front Immunol 2013; 4:152.

Stiegler A, Li JH, Shah V, Tsaava T, Tynan A, Yang H, Tamari Y,
Brines M, Tracey KJ, Chavan SS. Systemic administration of choline
acetyltransferase decreases blood pressure in murine hypertension. Mol
Med 2021; 27:133.

Ribot JC, Lopes N, Silva-Santos B. y§ T cells in tissue physiology and
surveillance. Nat Rev Immunol 2021; 21:221-232.

Rodriguez-Iturbe B, Pons H, Quiroz Y, Gordon K, Rincén J, Chavez M,
Parra G, Herrera-Acosta J, Gomez-Garre D, Largo R, Egido J,
Johnson RJ. Mycophenolate mofetil prevents salt-sensitive hypertension
resulting from angiotensin II exposure. Kidney Int 2001; 59:2222-2232.
Rodriguez-Iturbe B, Quiroz Y, Nava M, Bonet L, Chavez M, Herrera-
Acosta J, Johnson RJ, Pons HA. Reduction of renal immune cell infiltra-
tion results in blood pressure control in genetically hypertensive rats.
Am ] Physiol Renal Physiol 2002; 282:F191-F201.

De Ciuceis C, Amiri F, Brassard P, Endemann DH, Touyz RM,
Schiffrin EL. Reduced vascular remodeling, endothelial dysfunction,
and oxidative stress in resistance arteries of angiotensin II-infused mac-
rophage colony-stimulating factor-deficient mice: evidence for a role
in inflammation in angiotensin-induced vascular injury. Arterioscler
Thromb Vasc Biol 2005; 25:2106-2113.

Guzik TJ, Hoch NE, Brown KA, McCann LA, Rahman A, Dikalov S,
Goronzy ], Weyand C, Harrison DG. Role of the T cell in the genesis
of angiotensin II induced hypertension and vascular dysfunction. J Exp
Med 2007; 204:2449-2460.

Murray EJ, Gumusoglu SB, Santillan DA, Santillan MK. Manipulating
CD4+ T cell pathways to prevent preeclampsia. Front Bioeng Biotechnol
2021; 9:811417.

Ishikawa T, Abe K, Takana-Ishikawa M, Yoshida K, Watanabe T,
Imakiire S, Hosokawa K, Hirano M, Hirano K, Tsutsui H. Chronic in-
hibition of toll-like receptor 9 ameliorates pulmonary hypertension in
rats. ] Am Heart Assoc 2021; 10:e019247.

Sollinger D, Eissler R, Lorenz S, Strand S, Chmielewski S, Aoqui C,
Schmaderer C, Bluyssen H, Zicha ], Witzke O, Scherer E, Lutz ],
Heemann U, Baumann M. Damage-associated molecular pattern ac-
tivated Toll-like receptor 4 signalling modulates blood pressure in
L-NAME-induced hypertension. Cardiovasc Res 2014; 101:464-472.
Lazaridis A, Gavriilaki E, Douma S, Gkaliagkousi E. Toll-like receptors
in the pathogenesis of essential hypertension. A forthcoming immune-
driven theory in full effect. Int ] Mol Sci 2021; 22:3451.

Pushpakumar S, Ren L, Kundu S, Gamon A, Tyagi SC, Sen U. Toll-
like receptor 4 deficiency reduces oxidative stress and macrophage
mediated inflammation in hypertensive kidney. Sci Rep 2017; 7:6349.
Crowley SD, Song YS, Lin EE, Griffiths R, Kim HS, Ruiz P. Lymphocyte
responses exacerbate angiotensin II-dependent hypertension. Am J
Physiol Regul Integr Comp Physiol 2010; 298:R1089-R1097.

Trott DW, Thabet SR, Kirabo A, Saleh MA, Itani H, Norlander AE,
Wu J, Goldstein A, Arendshorst W], Madhur MS, Chen W, Li CI,
Shyr Y, Harrison DG. Oligoclonal CD8+ T cells play a critical role in
the development of hypertension. Hypertension 2014; 64:1108-1115.
Chan CT, Sobey CG, Lieu M, Ferens D, Kett MM, Diep H, Kim HA,
Krishnan SM, Lewis CV, Salimova E, Tipping P, Vinh A, Samuel CS,



Update on Immune Mechanisms in Hypertension

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

Peter K, Guzik TJ, Kyaw TS, Toh BH, Bobik A, Drummond GR.
Obligatory role for B cells in the development of angiotensin
II-dependent hypertension. Hypertension 2015; 66:1023-1033.
Westhorpe CLV, Norman MU, Hall P, Snelgrove SL, Finsterbusch M,
Li A, Lo C, Tan ZH, Li S, Nilsson SK, Kitching AR, Hickey MJ. Effector
CD4(+) T cells recognize intravascular antigen presented by patrolling
monocytes. Nat Commun 2018; 9:747.

Marvar PJ, Thabet SR, Guzik TJ, Lob HE, McCann LA, Weyand C,
Gordon FJ, Harrison DG. Central and peripheral mechanisms of
T-lymphocyte activation and vascular inflammation produced by an-
giotensin II-induced hypertension. Circ Res 2010; 107:263-270.

Evans LC, Petrova G, Kurth T, Yang C, Bukowy JD, Mattson DL,
Cowley AW Jr. Increased perfusion pressure drives renal T-cell infiltra-
tion in the Dahl salt-sensitive rat. Hypertension 2017; 70:543-551.
Harrison DG, Gongora MC. Oxidative stress and hypertension. Med
Clin North Am 2009; 93:621-635.

Kirabo A, Fontana V, de Faria AP, Loperena R, Galindo CL, Wu J,
Bikineyeva AT, Dikalov S, Xiao L, Chen W, Saleh MA, Trott DW,
Itani HA, Vinh A, Amarnath V, Amarnath K, Guzik TJ, Bernstein KE,
Shen XZ, Shyr Y, Chen SC, Mernaugh RL, Laffer CL, Elijovich E
Davies SS, Moreno H, Madhur MS, Roberts J II, Harrison DG. DC
isoketal-modified proteins activate T cells and promote hypertension. J
Clin Invest 2014; 124:4642-4656.

Norlander AE, Saleh MA, Pandey AK, Itani HA, Wu J, Xiao L, Kang J,
Dale BL, Goleva SB, Laroumanie F, Du L, Harrison DG, Madhur MS.
A salt-sensing kinase in T lymphocytes, SGK1, drives hypertension and
hypertensive end-organ damage. JCI Insight 2017; 2:¢92801.

Carnevale D, Pallante F, Fardella V, Fardella S, Iacobucci R, Federici M,
Cifelli G, De Lucia M, Lembo G. The angiogenic factor PIGF mediates a
neuroimmune interaction in the spleen to allow the onset of hyperten-
sion. Immunity 2014; 41:737-752.

Lopez Gelston CA, Balasubbramanian D, Abouelkheir GR, Lopez AH,
Hudson KR, Johnson ER, Muthuchamy M, Mitchell BM, Rutkowski JM.
Enhancing renal lymphatic expansion prevents hypertension in mice.
Circ Res 2018; 122:1094-1101.

Goodlett BL, Kang CS, Yoo E, Navaneethabalakrishnan §,
Balasubbramanian D, Love SE, Sims BM, Avilez DL, Tate W, Chavez DR,
Baranwal G, Nabity MB, Rutkowski JM, Kim D, Mitchell BM. A kidney-
targeted nanoparticle to augment renal lymphatic density decreases
blood pressure in hypertensive mice. Pharmaceutics 2021; 14:84.
Wenzel P, Knorr M, Kossmann S, Stratmann J, Hausding M,
Schuhmacher S, Karbach SH, Schwenk M, Yogev N, Schulz E, Oelze M,
Grabbe S, Jonuleit H, Becker C, Daiber A, Waisman A, Munzel T.
Lysozyme M-positive monocytes mediate angiotensin II-induced
arterial hypertension and vascular dysfunction. Circulation 2011;
124:1370-1381.

Saleh MA, Norlander AE, Madhur MS. Inhibition of interleukin 17-A
but not interleukin-17F signaling lowers blood pressure and reduces
end-organ inflammation in angiotensin II-induced hypertension. JACC
Basic Transl Sci 2016; 1:606-616.

Ye ], Ji Q Liu J, Liu L, Huang Y, Shi Y, Shi L, Wang M, Liu M, Feng Y,
Jiang H, Xu Y, Wang Z, Song J, Lin Y, Wan J. Interleukin 22 promotes
blood pressure elevation and endothelial dysfunction in angiotensin
II-treated mice. ] Am Heart Assoc 2017; 6:e005875.

Caillon A, Mian MOR, Fraulob-Aquino JC, Huo KG, Barhoumi T,
Ouerd S, Sinnaeve PR, Paradis P, Schiffrin EL. gammadelta T cells
mediate angiotensin II-induced hypertension and vascular injury.
Circulation 2017; 135:2155-2162.

Taylor EB, Barati MT, Powell DW, Turbeville HR, Ryan MJ. Plasma cell
depletion attenuates hypertension in an experimental model of autoim-
mune disease. Hypertension 2018; 71:719-728.

Wang HX, Li W], Hou CL, Lai S, Zhang YL, Tian C, Yang H, Du ],
Li HH. CD1d-dependent natural killer T cells attenuate angiotensin
II-induced cardiac remodelling via IL-10 signalling in mice. Cardiovasc
Res 2019; 115:83-93.

Chen XH, Ruan CC, Ge Q, Ma Y, Xu JZ, Zhang ZB, Lin JR, Chen DR,
Zhu DL, Gao PJ. Deficiency of complement C3a and C5a receptors
prevents angiotensin II-induced hypertension via regulatory T cells.
Circ Res 2018; 122:970-983.

Olofsson PS, Steinberg BE, Sobbi R, Cox MA, Ahmed MN, Oswald M,
Szekeres F, Hanes WM, Introini A, Liu SE, Holodick NE, Rothstein TL,
Lovdahl C, Chavan SS, Yang H, Pavlov VA, Broliden K, Andersson U,
Diamond B, Miller EJ, Arner A, Gregersen PK, Backx PH, Mak TW,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Tracey KJ. Blood pressure regulation by CD4(+) lymphocytes expressing
choline acetyltransferase. Nat Biotechnol 2016; 34:1066-1071.

Shah KH, Shi P, Giani JE Janjulia T, Bernstein EA, Li Y, Zhao T,
Harrison DG, Bernstein KE, Shen XZ. Myeloid suppressor cells ac-
cumulate and regulate blood pressure in hypertension. Circ Res 2015;
117:858-869.

Singh MV, Cicha MZ, Kumar S, Meyerholz DK, Irani K, Chapleau MW,
Abboud FM. Abnormal CD161(+) immune cells and retinoic acid
receptor-related orphan receptor yt-mediate enhanced IL-17F expres-
sion in the setting of genetic hypertension. J Allergy Clin Immunol 2017;
140:809-821.e3.

McCarthy CG, Wenceslau CE, Goulopoulou S, Baban B, Matsumoto T,
Webb RC. Chloroquine suppresses the development of hypertension in
spontaneously hypertensive rats. Am ] Hypertens 2017; 30:173-181.
Mohamed R, Rafikova O, O’Connor PM, Sullivan JC. Greater high-
mobility group box 1 in male compared with female spontaneously
hypertensive rats worsens renal ischemia-reperfusion injury. Clin Sci
(Lond) 2020; 134:1751-1762.

Belanger KM, Mohamed R, Webb RC, Sullivan JC. Sex differences in
TLR4 expression in SHR do not contribute to sex differences in blood
pressure or the renal T cell profile. Am J Physiol Regul Integr Comp
Physiol 2022; 322:R319-R325.

Gillis EE, Belanger K, Abdelbary M, Mohamed R, Sun J, Brands MW,
Sullivan JC. Splenectomy increases blood pressure and abolishes sex
differences in renal T-regulatory cells in spontaneously hypertensive
rats. Clin Sci (Lond) 2021; 135:2329-2339.

Santisteban MM, Qi Y, Zubcevic J, Kim S, Yang T, Shenoy V, Cole-
Jeffrey CT, Lobaton GO, Stewart DC, Rubiano A, Simmons CS,
Garcia-Pereira F, Johnson RD, Pepine CJ], Raizada MK.
Hypertension-linked pathophysiological alterations in the gut. Circ
Res 20175 120:312-323.

Abboud FM, Cicha MZ, Ericsson A, Chapleau MW, Singh MV. Altering
early life gut microbiota has long-term effect on immune system and
hypertension in spontaneously hypertensive rats. Front Physiol 2021;
12:752924.

Toral M, Robles-Vera I, de la Visitacién N, Romero M, Sinchez M,
Gomez-Guzmdn M, Rodriguez-Nogales A, Yang T, Jiménez R, Algieri F,
Galvez J, Raizada MK, Duarte J. Role of the immune system in vas-
cular function and blood pressure control induced by faecal microbiota
transplantation in rats. Acta Physiol (Oxf) 2019; 227:e13285.
Robles-Vera I, Toral M, de la Visitacion N, Sinchez M, Goémez-
Guzmén M, Romero M, Yang T, Izquierdo-Garcia JL, Jiménez R,
Ruiz-Cabello ], Guerra-Herndndez E, Raizada MK, Pérez-Vizcaino F
Duarte J. Probiotics prevent dysbiosis and the rise in blood pressure in
genetic hypertension: role of short-chain fatty acids. Mol Nutr Food Res
2020; 64:€1900616.

Qi ], Yu X]J, Shi XL, Gao HL, Yi QY, Tan H, Fan XY, Zhang Y, Song XA,
Cui W, Liu JJ, Kang YM. NF-«B blockade in hypothalamic paraventric-
ular nucleus inhibits high-salt-induced hypertension through NLRP3
and caspase-1. Cardiovasc Toxicol 2016; 16:345-354.

Zhu Q, Li XX, Wang W, Hu J, Li PL, Conley S, Li N. Mesenchymal
stem cell transplantation inhibited high salt-induced activation of the
NLRP3 inflammasome in the renal medulla in Dahl S rats. Am J Physiol
Renal Physiol 2016; 310:F621-F627.

Krishnan SM, Dowling JK, Ling YH, Diep H, Chan CT, Ferens D,
Kett MM, Pinar A, Samuel CS, Vinh A, Arumugam TV, Hewitson TD,
Kemp-Harper BK, Robertson AA, Cooper MA, Latz E, Mansell A,
Sobey CG, Drummond GR. Inflammasome activity is essential for one
kidney/deoxycorticosterone acetate/salt-induced hypertension in mice.
Br ] Pharmacol 2016; 173:752-765.

Krishnan SM, Ling YH, Huuskes BM, Ferens DM, Saini N, Chan CT,
Diep H, Kett MM, Samuel CS, Kemp-Harper BK, Robertson AAB,
Cooper MA, Peter K, Latz E, Mansell AS, Sobey CG, Drummond GR,
Vinh A. Pharmacological inhibition of the NLRP3 inflammasome
reduces blood pressure, renal damage, and dysfunction in salt-sensitive
hypertension. Cardiovasc Res 2019; 115:776-787.

Thomas JM, Ling YH, Huuskes B, Jelinic M, Sharma P, Saini N,
Ferens DM, Diep H, Krishnan SM, Kemp-Harper BK, O’Connor PM,
Latz E, Arumugam TV, Guzik T], Hickey MJ, Mansell A, Sobey CG,
Vinh A, Drummond GR. IL-18 (Interleukin-18) produced by renal tu-
bular epithelial cells promotes renal inflammation and injury during
deoxycorticosterone/salt-induced hypertension in mice. Hypertension
2021; 78:1296-1309.

American Journal of Hypertension 35(10) October 2022 849



Navaneethabalakrishnan et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Fehrenbach DJ, Abais-Battad JM, Dasinger JH, Lund H, Mattson DL.
Salt-sensitive increase in macrophages in the kidneys of Dahl SS rats.
Am ] Physiol Renal Physiol 2019; 317:F361-F374.

Barbaro NR, Foss JD, Kryshtal DO, Tsyba N, Kumaresan S, Xiao L,
Mernaugh RL, Itani HA, Loperena R, Chen W, Dikalov S, Titze JM,
Knollmann BC, Harrison DG, Kirabo A. Dendritic cell amiloride-
sensitive channels mediate sodium-induced inflammation and hyper-
tension. Cell Rep 2017; 21:1009-1020.

Van Beusecum JP, Barbaro NR, McDowell Z, Aden LA, Xiao L,
Pandey AK, Itani HA, Himmel LE, Harrison DG, Kirabo A. High salt
activates CD11c(+) antigen-presenting cells via SGK (serum glucocor-
ticoid kinase) 1 to promote renal inflammation and salt-sensitive hy-
pertension. Hypertension 2019; 74:555-563.

Liu Y, Rafferty TM, Rhee SW, Webber JS, Song L, Ko B, Hoover RS,
He B, Mu S. CD8(+) T cells stimulate Na-Cl co-transporter NCC in
distal convoluted tubules leading to salt-sensitive hypertension. Nat
Commun 2017; 8:14037.

Belanger KM, Crislip GR, Gillis EE, Abdelbary M, Musall JB,
Mohamed R, Baban B, Elmarakby A, Brands MW, Sullivan JC.
Greater T regulatory cells in females attenuate DOCA-salt-induced
increases in blood pressure versus males. Hypertension 2020;
75:1615-1623.

Wilck N, Matus MG, Kearney SM, Olesen SW, Forslund K,
Bartolomaeus H, Haase S, Méhler A, Balogh A, Mark6 L, Vvedenskaya O,
Kleiner FH, Tsvetkov D, Klug L, Costea PI, Sunagawa S, Maier L,
Rakova N, Schatz V, Neubert P, Fritzer C, Krannich A, Gollasch M,
Grohme DA, Corte-Real BE Gerlach RG, Basic M, Typas A, Wu C,
Titze JM, Jantsch J, Boschmann M, Dechend R, Kleinewietfeld M,
Kempa S, Bork P, Linker RA, Alm EJ, Miiller DN. Salt-responsive
gut commensal modulates T(H)17 axis and disease. Nature 2017;
551:585-589.

Wu C, Chen Z, Zhang L, Zhu Y, Deng M, Huang C, Liu Y, Zhu Q,
Wang L. Sodium butyrate ameliorates deoxycorticosterone acetate/salt-
induced hypertension and renal damage by inhibiting the MR/SGK1
pathway. Hypertens Res 2021; 44:168-178.

Gabel K, Cienfuegos S, Kalam F, Ezpeleta M, Varady KA. Time-
restricted eating to improve cardiovascular health. Curr Atheroscler Rep
20215 23:22.

Sims BM, Goodlett BL, Allbee ML, Pickup EJ, Chiasson VL, Arenaz CM,
Henley MR, Navaneethabalakrishnan S, Mitchell BM. Time restricted
feeding decreases renal innate immune cells and blood pressure in hy-
pertensive mice. ] Hypertens, in press.

Singh MV, Cicha MZ, Nunez S, Meyerholz DK, Chapleau MW,
Abboud FM. Angiotensin II-induced hypertension and cardiac hy-
pertrophy are differentially mediated by TLR3- and TLR4-dependent
pathways. Am J Physiol Heart Circ Physiol 2019; 316:H1027-H1038.
Chrysanthopoulou A, Gkaliagkousi E, Lazaridis A, Arelaki §,
Pateinakis P, Ntinopoulou M, Mitsios A, Antoniadou C, Argyriou C,
Georgiadis GS, Papadopoulos V, Giatromanolaki A, Ritis K, Skendros P.
Angiotensin II triggers release of neutrophil extracellular traps, linking
thromboinflammation with essential hypertension. JCI Insight 2021;
6:€148668.

McCarthy CG, Saha P, Golonka RM, Wenceslau CFE, Joe B, Vijay-
Kumar M. Innate immune cells and hypertension: neutrophils
and neutrophil extracellular traps (NETs). Compr Physiol 2021;
11:1575-1589.

Van Beusecum JP, Barbaro NR, Smart CD, Patrick DM, Loperena R,
Zhao S, de la Visitacion N, Ao M, Xiao L, Shibao CA, Harrison DG.
Growth arrest specific-6 and Axl coordinate inflammation and hyper-
tension. Circ Res 2021; 129:975-991.

Caillon A, Mian MOR, Fraulob-Aquino JC, Huo KG, Barhoumi T,
Ouerd S, Sinnaeve PR, Paradis P, Schiffrin EL. y8 T cells mediate angi-
otensin II-induced hypertension and vascular injury. Circulation 2017;
135:2155-2162.

Sharma RK, Yang T, Oliveira AC, Lobaton GO, Aquino V, Kim §,
Richards EM, Pepine CJ, Sumners C, Raizada MK. Microglial cells im-
pact gut microbiota and gut pathology in angiotensin II-induced hy-
pertension. Circ Res 2019; 124:727-736.

Kriska T, Herrnreiter A, Pfister SL, Adebesin A, Falck JR, Campbell WB.
Macrophage 12(S)-HETE enhances angiotensin II-induced contraction
by a BLT2 (leukotriene B(4) type-2 receptor) and TP (thromboxane
receptor)-mediated mechanism in murine arteries. Hypertension 2022;
79:104-114.

850 American Journal of Hypertension 35(10) October 2022

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Meissner A, Miro E Jiménez-Altay6 E Jurado A, Vila E, Planas AM.
Sphingosine-1-phosphate signalling-a key player in the pathogenesis of
Angiotensin II-induced hypertension. Cardiovasc Res 2017; 113:123-133.
Senchenkova EY, Russell ], Yildirim A, Granger DN, Gavins FNE. Novel
role of T cells and IL-6 (interleukin-6) in angiotensin II-induced micro-
vascular dysfunction. Hypertension 2019; 73:829-838.

La Salvia S, Musante L, Lannigan ], Gigliotti JC, Le TH, Erdbriigger U.
T cell-derived extracellular vesicles are elevated in essential HTN. Am |
Physiol Renal Physiol 2020; 319:F868-F875.

Kwan WH, van der Touw W, Paz-Artal E, Li MO, Heeger PS. Signaling
through C5a receptor and C3a receptor diminishes function of murine
natural regulatory T cells. ] Exp Med 2013; 210:257-268.

van der Touw W, Cravedi P, Kwan WH, Paz-Artal E, Merad M,
Heeger PS. Cutting edge: receptors for C3a and C5a modulate stability
of alloantigen-reactive induced regulatory T cells. J Immunol 2013;
190:5921-5925.

Wade B, Petrova G, Mattson DL. Role of immune factors in angiotensin
II-induced hypertension and renal damage in Dahl salt-sensitive rats.
Am ] Physiol Regul Integr Comp Physiol 2018; 314:R323-R333.

Pollow DP Jr, Uhlorn JA, Sylvester MA, Romero-Aleshire M]J,
Uhrlaub JL, Lindsey ML, Nikolich-Zugich ], Brooks HL. Menopause
and FOXP3(+) Treg cell depletion eliminate female protection against
T cell-mediated angiotensin II hypertension. Am J Physiol Heart Circ
Physiol 2019; 317:H415-H423.

Sylvester MA, Pollow DP Jr, Moffett C, Nunez W, Uhrlaub JL, Nikolich-
Zugich ], Brooks HL. Splenocyte transfer from hypertensive donors
eliminates premenopausal female protection from ANG II-induced hy-
pertension. Am ] Physiol Renal Physiol 2022; 322:F245-F257.
Melchiorre K, Thilaganathan B, Giorgione V, Ridder A, Memmo A,
Khalil A. Hypertensive disorders of pregnancy and future cardiovas-
cular health. Front Cardiovasc Med 2020; 7:59.

Mammaro A, Carrara S, Cavaliere A, Ermito S, Dinatale A,
Pappalardo EM, Militello M, Pedata R. Hypertensive disorders of preg-
nancy. ] Prenat Med 2009; 3:1-5.

Roberts JM, August PA, Bakris G, Barton ], Bernstin I; Obstetricians
ACo and Gynecologists. Task Force on Hypertension in Pregnancy.
Hypertens Pregnancy Obstet Gynaecol 2013; 122:1122-1131.

Cornelius DC. Preeclampsia: from inflammation to immunoregulation.
Clin Med Insights Blood Disord 2018; 11:1179545X17752325.

Noris M, Perico N, Remuzzi G. Mechanisms of disease: pre-eclampsia.
Nat Clin Pract Nephrol 2005; 1:98-114; quiz 120.

Zhang ], Tian Z. UNK cells: their role in tissue re-modelling and pree-
clampsia. Semin Immunopathol 2007; 29:123-133.

LaMarca B, Cornelius D, Wallace K. Elucidating immune mechanisms
causing hypertension during pregnancy. Physiology (Bethesda) 2013;
28:225-233.

Sliz A, Locker KCS, Lampe K, Godarova A, Plas DR, Janssen EM,
Jones H, Herr AB, Hoebe K. Gab3 is required for IL-2- and IL-15-
induced NK cell expansion and limits trophoblast invasion during
pregnancy. Sci Immunol 2019; 4:eaav3866.

Zhang J, Dunk CE, Shynlova O, Caniggia I, Lye S]. TGFb1 suppresses
the activation of distinct dNK subpopulations in preeclampsia.
EBioMedicine 2019; 39:531-539.

Du M, Wang W, Huang L, Guan X, Lin W, Yao J, Li L. Natural killer cells
in the pathogenesis of preeclampsia: a double-edged sword. ] Matern
Fetal Neonatal Med 2022; 35:1028-1035.

Elfarra J, Amaral LM, McCalmon M, Scott JD, Cunningham MW Jr,
Gnam A, Ibrahim T, LaMarca B, Cornelius DC. Natural killer cells me-
diate pathophysiology in response to reduced uterine perfusion pres-
sure. Clin Sci (Lond) 2017; 131:2753-2762.

Lagana AS, Giordano D, Loddo S, Zoccali G, Vitale SG, Santamaria A,
Buemi M, D’Anna R. Decreased endothelial progenitor cells (EPCs) and
increased natural killer (NK) cells in peripheral blood as possible early
markers of preeclampsia: a case-control analysis. Arch Gynecol Obstet
2017; 295:867-872.

Seamon K, Kurlak LO, Warthan M, Stratikos E, Strauss JF III,
Mistry HD, Lee ED. The differential expression of ERAP1/ERAP2 and
immune cell activation in pre-eclampsia. Front Immunol 2020; 11:396.
Cottrell JN, Amaral LM, Harmon A, Cornelius DC, Cunningham MW
Jr, Vaka VR, Ibrahim T, Herse F, Wallukat G, Dechend R, LaMarca B.
Interleukin-4 supplementation improves the pathophysiology of hyper-
tension in response to placental ischemia in RUPP rats. Am | Physiol
Regul Integr Comp Physiol 2019; 316:R165-R171.



Update on Immune Mechanisms in Hypertension

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Elfarra]T, Cottrell JN, Cornelius DC, Cunningham MW Jr, Faulkner JL,
Ibrahim T, Lamarca B, Amaral LM. 17-Hydroxyprogesterone caproate
improves T cells and NK cells in response to placental ischemia; new
mechanisms of action for an old drug. Pregnancy Hypertens 2020;
19:226-232.

Erlebacher A. Immunology of the maternal-fetal interface. Annu Rev
Immunol 2013; 31:387-411.

Heyward CY, Sones JL, Lob HE, Yuen LC, Abbott KE, Huang W,
Begun ZR, Butler SD, August A, Leifer CA, Davisson RL. The de-
cidua of preeclamptic-like BPH/5 mice exhibits an exaggerated in-
flammatory response during early pregnancy. ] Reprod Immunol 2017;
120:27-33.

Wheeler KC, Jena MK, Pradhan BS, Nayak N, Das S, Hsu CD,
Wheeler DS, Chen K, Nayak NR. VEGF may contribute to macro-
phage recruitment and M2 polarization in the decidua. PLoS One
2018; 13:0191040.

Ma, Ye Y, Zhang J, Ruan CC, Gao PJ. Immune imbalance is associ-
ated with the development of preeclampsia. Medicine (Baltim) 2019;
98:e15080.

Li ZH, Wang LL, Liu H, Muyayalo KP, Huang XB, Mor G, Liao AH.
Galectin-9 alleviates LPS-induced preeclampsia-like impairment in
rats via switching decidual macrophage polarization to M2 subtype.
Front Immunol 2018; 9:3142.

Hu XH, Li ZH, Muyayalo KP, Wang LL, Liu CY, Mor G, Liao AH.
A newly intervention strategy in preeclampsia: targeting PD-1/
Tim-3 signaling pathways to modulate the polarization of decidual
macrophages. FASEB ] 2022; 36:¢22073.

MaY, Kong LR, Ge Q, Lu YY, Hong MN, Zhang Y, Ruan CC, Gao PJ.
Complement 5a-mediated trophoblasts dysfunction is involved in the
development of pre-eclampsia. J Cell Mol Med 2018; 22:1034-1046.
Waisman A, Lukas D, Clausen BE, Yogev N. Dendritic cells as
gatekeepers of tolerance. Semin Immunopathol 2017; 39:153-163.
Miller D, Motomura K, Galaz J, Gershater M, Lee ED, Romero R,
Gomez-Lopez N. Cellular immune responses in the pathophysiology
of preeclampsia. J Leukoc Biol 2022; 111:237-260.

Li J, Huang L, Wang S, Zhang Z. The prevalence of regulatory T and
dendritic cells is altered in peripheral blood of women with pre-
eclampsia. Pregnancy Hypertens 2019; 17:233-240.

Nagayama S, Shirasuna K, Nagayama M, Nishimura S, Takahashi M,
Matsubara S, Ohkuchi A. Decreased circulating levels of plasmacytoid
dendritic cells in women with early-onset preeclampsia. J Reprod
Immunol 2020; 141:103170.

Wang P, Xue Y, Han Y, Lin L, Wu C, Xu S, Jiang Z, Xu J, Liu Q, Cao X.
The STAT3-binding long noncoding RNA Inc-DC controls human
dendritic cell differentiation. Science 2014; 344:310-313.

Zhang W, Zhou Y, Ding Y. Lnc-DC mediates the over-maturation of
decidual dendritic cells and induces the increase in Th1 cells in pree-
clampsia. Am ] Reprod Immunol 2017; 77:¢12647.

Wang ], Tao YM, Cheng XY, Zhu TF, Chen ZF, Yao H, Su LX. Dendritic
cells derived from preeclampsia patients influence Th1/Th17 cell dif-
ferentiation in vitro. Int ] Clin Exp Med 2014; 7:5303-5309.

Aluvihare VR, Kallikourdis M, Betz AG. Regulatory T cells mediate
maternal tolerance to the fetus. Nat Immunol 2004; 5:266-271.
Ribeiro VR, Romao-Veiga M, Romagnoli GG, Matias ML,
Nunes PR, Borges VTM, Peracoli JC, Peracoli MTS. Association be-
tween cytokine profile and transcription factors produced by T-cell
subsets in early- and late-onset pre-eclampsia. Immunology 2017;
152:163-173.

Zhang Z, Liu H, Shi Y, Xu N, Wang Y, Li A, Song W. Increased cir-
culating Th22 cells correlated with Th17 cells in patients with severe
preeclampsia. Hypertens Pregnancy 2017; 36:100-107.

Salazar Garcia MD, Mobley Y, Henson ], Davies M, Skariah A,
Dambaeva S, Gilman-Sachs A, Beaman K, Lampley C, Kwak-Kim J.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

Early pregnancy immune biomarkers in peripheral blood may predict
preeclampsia. ] Reprod Immunol 2018; 125:25-31.

Romao-Veiga M, Ribeiro VR, Matias ML, Nunes PR, Romagnoli GG,
Peracoli JC, Peracoli MTS. DAMPs are able to skew CD4(+) T cell
subsets and increase the inflammatory profile in pregnant women
with preeclampsia. ] Reprod Immunol 2021; 149:103470.

Yu J, Qian L, Wu E Li M, Chen W, Wang H. Decreased frequency
of peripheral blood CD8(+)CD25(+)FoxP3(+)regulatory T cells
correlates with IL-33 levels in pre-eclampsia. Hypertens Pregnancy
2017; 36:217-225.

Zare M, Namavar Jahromi B, Gharesi-Fard B. Analysis of the
frequencies and functions of CD4(+)CD25(+)CDI127(low/neg),
CD4(+)HLA-G(+), and CD8(+)HLA-G(+) regulatory T cells in pre-
eclampsia. ] Reprod Immunol 2019; 133:43-51.

Zhang Y, Liu Z, Tian M, Hu X, Wang L, Ji ], Liao A. The altered PD-1/
PD-L1 pathway delivers the ‘one-two punch’ effects to promote the
Treg/Th17 imbalance in pre-eclampsia. Cell Mol Immunol 2018;
15:710-723.

Chen ], Zhao L, Wang D, Xu Y, Gao H, Tan W, Wang C. Contribution
of regulatory T cells to immune tolerance and association of mi-
croRNA-210 and Foxp3 in preeclampsia. Mol Med Rep 2019;
19:1150-1158.

Jung Y], Park Y, Kim HS, Lee HJ, Kim YN, Lee J, Kim YH, Maeng YS,
Kwon JY. Abnormal lymphatic vessel development is associated with
decreased decidual regulatory T cells in severe preeclampsia. Am J
Reprod Immunol 2018; 80:€12970.

Tsuda S, Zhang X, Hamana H, Shima T, Ushijima A, Tsuda K,
Muraguchi A, Kishi H, Saito S. Clonally expanded decidual ef-
fector regulatory T cells increase in late gestation of normal preg-
nancy, but not in preeclampsia, in humans. Front Immunol 2018;
9:1934.

Wang J, Wen ZQ, Cheng XY, Mei TY, Chen ZF, Su LX. siRNA-mediated
knockdown of T-bet and RORyt contributes to decreased inflamma-
tion in pre-eclampsia. Mol Med Rep 2017; 16:6368-6375.

Bajnok A, Ivanova M, Rigé ] Jr, Toldi G. The distribution of activation
markers and selectins on peripheral T lymphocytes in preeclampsia.
Mediators Inflamm 2017; 2017:8045161.

Chatterjee P, Chiasson VL, Seerangan G, De Guzman E, Milad M,
Bounds KR, Gasheva O, Tobin RP, Hatahet M, Kopriva S, Jones KA,
Newell-Rogers MK, Mitchell BM. Depletion of MHC class II invariant
chain peptide or y-8 T-cells ameliorates experimental preeclampsia.
Clin Sci (Lond) 2017; 131:2047-2058.

Kieffer TEC, Scherjon SA, Faas MM, Prins JR. Lower activation
of CD4(+) memory T cells in preeclampsia compared to healthy
pregnancies persists postpartum. J Reprod Immunol 2019; 136:102613.
Kieffer TEC, Laskewitz A, Vledder A, Scherjon SA, Faas MM,
Prins JR. Decidual memory T-cell subsets and memory T-cell stim-
ulatory cytokines in early- and late-onset preeclampsia. Am ] Reprod
Immunol 2020; 84:e13293.

Morita K, Tsuda S, Kobayashi E, Hamana H, Tsuda K, Shima T,
Nakashima A, Ushijima A, Kishi H, Saito S. Analysis of TCR rep-
ertoire and PD-1 expression in decidual and peripheral CD8(+) T
cells reveals distinct immune mechanisms in miscarriage and pree-
clampsia. Front Immunol 2020; 11:1082.

Wallukat G, Homuth V, Fischer T, Lindschau C, Horstkamp B,
Jipner A, Baur E, Nissen E, Vetter K, Neichel D, Dudenhausen JW,
Haller H, Luft FC. Patients with preeclampsia develop agonistic
autoantibodies against the angiotensin AT1 receptor. J Clin Invest
1999; 103:945-952.

Laule CF, Odean EJ, Wing CR, Root KM, Towner KJ, Hamm CM,
Gilbert JS, Fleming SD, Regal JE Role of Bl and B2 lymphocytes in
placental ischemia-induced hypertension. Am ] Physiol Heart Circ
Physiol 2019; 317:H732-H742.

American Journal of Hypertension 35(10) October 2022 851



