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Purpose of review

Research over the past decade has significantly deepened our understanding of mechanisms that drive the
development of hypertension. In particular, a novel paradigm of inflammation as a common mediator of
cardiovascular and kidney disease has emerged. This review will summarize the role of the immune system
in cardiovascular disease, explore some of the most promising new therapeutic directions and consider
their potential as new treatments for hypertension.

Recent findings

Recent data continue to demonstrate that targeting the immune system can prevent hypertension in a variety
of experimental models. Tempering the enthusiasm for a long-awaited new approach to treating
hypertension is decades of clinical data, showing that classic immunosuppression regimens are associated
with significant side-effects – including cardiovascular disease – that effectively preclude their use in the
setting of chronic hypertension. New, more specific therapies are being developed that target cytokines
including IL-17, IL-6 and TNFa.

Summary

Preclinical data convincingly demonstrate a key role for the immune system and specific cytokine
mediators. Several biotherapeutics targeting these pathways are on the market and more are in
development. Side-effects, however, continue to resemble those of classic immunosuppressants, highlighting
the challenge of translating these research advances into new therapies for hypertension.
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INTRODUCTION

Hypertension is a systemic disorder that affects over
50 million people in the United States. Despite
advances in treatments, many individuals continue
to have uncontrolled hypertension, putting them at
increased risk of stroke, ischemic heart disease and
other complications. Hypertension is a systemic dis-
ease characterized by increased vascular resistance
and multiorgan derangements. However, the patho-
genesis is incompletely understood. The central role
of the vasculature is evident in the success of the most
common therapies including angiotensin converting
enzyme (ACE) inhibitors and calcium channel
blockers which work by inducing vasodilation and
decreasing vascular resistance. But, in addition to the
vasculature, the kidney and central nervous system
(CNS) are well established in both the cause and
disease of hypertension. Genetic mutations that alter
illiams & Wilkins. Unauilliams & Wilkins. Unau
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salt handling by the distal nephron commonly
induce hypertension [1]. Moreover, abrogating renal
sympathetic nerve activation with renal denervation
lowers blood pressure (BP) in both animals and
humans [2,3]. Finally, angiotensin II (AngII) acts
directly on the brain and increases sympathetic
outflow, thereby increasing BP (recently reviewed
in [4]). Although the immune system has long
been recognized as a factor in hypertension and
thorized reproduction of this article is prohibited.thorized reproduction of this article is prohibited.
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KEY POINTS

� Systemic inflammation alters vascular and renal
function and contributes to hypertension.

� Key factors that drive the inflammatory cascade include
IL-17, IL-6 and TNFa.

� Classic immunosuppressant drugs are associated with a
range of side-effects including infections and, in many
cases, hypertension and cardiovascular disease.

� New biopharmaceuticals that target IL-17 and other
cytokines hold promise, but significant side-effects may
complicate the use of these agents for hypertension.

Pharmacology and therapeutics
cardiovascular disease, recent work has convincingly
established chronic inflammation as a common dis-
ease in the vasculature, kidney and CNS. The key
players in these events are, therefore, compelling new
targets for therapeutic intervention.
INFLAMMATION AS A DRIVER OF RENAL
DISEASE AND HYPERTENSION

Work in the last decade has shown that classic models
of AngII and high salt-mediated hypertension are
associated with vascular accumulation of a host of
immune cells, including T cells, B cells, monocytes,
macrophages and dendritic cells [5]. Infiltration of
these cells increases production of reactive oxygen
species (ROS) that contribute to endothelial cell dys-
function [6] and reduce vessel wall stretch [7]. Sim-
ilarly, AngII and high salt-induced hypertension
induces infiltration of T cells into the kidney [8,9]
in which the immune cells produce renin and ACE,
highlighting that inflammation results in a local
potentiation of systemic effects [9,10].

Initiation of inflammation and pathological
remodeling is likely rooted in activation of the
innate immune system in the form of resident
monocytes. In addition, several groups have ident-
ified macrophages as key mediators of AngII-
induced vascular inflammation and hypertension.
For example, mice lacking macrophage colony
stimulating factor have reduced macrophages and
attenuated vascular inflammation, oxidative stress
and inflammation in response to AngII [11]. More-
over, Cre recombinase-driven expression of the
diphtheria toxin receptor in LysM cells attenuated
vascular macrophage and neutrophil infiltration
and hypertension [12]. Adoptive transfer of macro-
phages, but not neutrophils, restored AngII-medi-
ated effects. Macrophages are prolific producers of
ROS and other cytokines which can have local and
systemic effects. One important role may be as a link
opyright © Lippincott Williams & Wilkins. Unauthoopyright © Lippincott Williams & Wilkins. Unautho
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between tissue-level changes and systemic responses
to hypertensive agents via activation of the adaptive
immune system. Recombinant activating gene 1
(Rag1) -/- mice and severe combined immuno-
deficiency (SCID) mice have been particularly useful
in identifying the role of the adaptive immune
system in hypertension. Guzik et al. [13] showed
that Rag-/- mice are protected from AngII and des-
oxycorticosterone acetate (DOCA)-salt-mediated
vascular inflammation and hypertension. Adoptive
transfer of T cells, but not B cells, restores AngII-
mediated disease [13], convincingly demonstrating
the role of the T cells in this pathological cascade.
Similar mechanisms were reported by Crowley et al.
[14] in the SCID model and by Mattson et al. [15] in
zinc finger nuclease-mediated rag knockout rats.
More specifically, Vinh et al. [16] showed that mice
lacking the B7 ligand on antigen-presenting cells
which cannot stimulate T cells are protected from
AngII and DOCA-mediated vascular inflammation
and hypertension. Finally, programing of the innate
immune system by hypertension has been elegantly
demonstrated by several classic studies. Okuda and
Grollman [17] reported in 1967 that autoimmune
hypertension can be induced in recipient rats fol-
lowing transfer of lymph nodes from hypertensive
animals. In 1981, Olsen [18] similarly reported that
transfer of splenic cells from hypertensive rats to
normotensive donors induced hypertension,
inflammation and vascular wall thickening [18].
Viewed in light of recent advances, these historical
studies provide a link to functional changes in pro-
graming of the adaptive immune system by
hypertensive agents.

These studies and others like them define a
primary role for the innate immune system via
macrophages (and possibly other dendritic cells) that
produce cytokines and abundant ROS in response to
hypertension. These signals then activate adaptive
immune cells – primarily T cells – which compound
the local production of ROS and cytokines and also
communicate the immune response to other organs
(Fig. 1). The systemic derangements include aberrant
sympathetic stimulation, enhanced cytokine pro-
duction, recruitment of immune cells into vessel
walls, the kidney and the brain, activation of
adhesion molecules, and elevated oxidative stress.
Although it remains a working model, this schema
points toward new therapeutic strategies for hyper-
tension: targeting the immune system.
TARGETING THE IMMUNE SYSTEM:
CLASSIC APPROACHES

Experimental data make a compelling case for tar-
geting the immune system as a new therapeutic
rized reproduction of this article is prohibited.rized reproduction of this article is prohibited.
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FIGURE 1. Paradigm of inflammation and immune cell
activation in hypertension. Hypertension and inflammation
active overlapping and synergistic pathways to induce
vascular resistance and organ damage. Monocyte/
macrophage activation is a key player in the induction of
TH17 cells and IL-17 production. Infiltration of immune cells
then leads to additional cytokine and ROS production which
act on epithelial and endothelial cells of the kidney and
vessels. The resulting cell injury likewise stimulates further
cytokine production and potentiates systemic inflammation
and hypertension.
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approach to hypertension. Immune suppression has
been used in a variety of clinical settings, including
postorgan transplantation and autoimmune dis-
eases, for several decades, providing the opportunity
to examine the potential for applying this approach
to hypertension. Clinical immune suppression took
a giant leap forward in the early 1980s with the
discovery of cyclosporine, a calcineurin inhibitor
(CNI), and, shortly after, the related compound
tacrolimus [19

&

]. Precyclosporine, most immuno-
suppression regimens consisted of azathioprine, a
nucleoside analog and corticosteroids. The addition
of CNIs lessened the need for azathioprine, although
most patients still take mycophenylate mofitil
(MMF) and steroids in addition to cyclosporine or
tacrolimus. The success of CNIs at preventing organ
rejection eventually led to a greater awareness of
consequences of the aggressive therapies as patients
survived longer but developed consistent side-
effects. In particular, hypertension, which was seen
in less than half of transplant patients before CNIs,
currently affects 70–90% of patients [20]. Moreover,
cardiovascular diseases, including ischemic heart
disease and vascular dysfunction, are the leading
cause of death of transplant patients [21]. These
facts lead to important questions as the possibility
of targeting the immune system is considered a
treatment for hypertension. It is helpful to further
explore the mechanism and side-effects of each class
of immunosuppressants.

CNIs target the enzyme calcineurin, a ubiqui-
tously expressed, calcium-dependent phosphatase.
Calcineurin is involved in T-cell-mediated signaling
Copyright © Lippincott Williams & Wilkins. UnauCopyright © Lippincott Williams & Wilkins. Unau
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and regulates expression of cytokines through the
transcription factor Nuclear Factor of Activated
T Cells (NFAT) [22]. NFAT and its family members
(NFATc1-c5) are also widely expressed. Common
side-effects of CNIs include renal fibrosis, diabetes,
skin cancer and hypertension [23–25]. Knockout
mouse models of calcineurin indicate that these
effects can be directly linked to calcineurin action
in the kidney and other organs [26–29]. Despite the
established link between chronic CNI use and hy-
pertension, there is at least one study that tested the
effect of tacrolimus (which is associated with less
nephrotoxicity than cyclosporine) in an experimen-
tal model of hypertension. A 3-week course of
tacrolimus was reported to reduce salt-sensitive
hypertension and renal oxidative stress in Dahl
salt-sensitive rats [9]. Although the data suggest that
CNIs may have some efficacy toward reducing
hypertension in animal models, the well-established
side-effects make this class of drug an unreasonable
approach to hypertension.

Corticosteroids are a frequent part of many
immunosuppression regimens. The synthetic hor-
mones interact with the glucocorticoid receptor and
then alter gene transcription. Although widely used,
glucocorticoids are associated with a number of
significant side-effects, including insulin resistance
and diabetes, increased susceptibility to infection,
skeletal muscle atrophy and hypertension. Anti-
inflammatory actions are thought to be due to trans-
repression of gene targets, including cytokines,
whereas metabolic actions are due to activation of
a different group of target genes [30]. Although there
is interest in developing modified synthetic versions
of the steroid that separate desirable immune sup-
pression from many of the undesirable effects
including hypertension [30], it is unclear if the
approach would lead to a compound with a toxicity
profile suited to chronic control of essential hyper-
tension.

In contrast to CNIs and corticosteroids, MMF is
not associated with hypertension in patients or
animal models. MMF is metabolized to mycophe-
nolic acid (MFA) which inhibits inosine monophos-
phate dehydrogenase (IMPDH), an enzyme required
for synthesis of guanosine by T and B cells [31].
Inhibition of IMPDH blocks T and B cell prolifer-
ation and may also induce apoptosis of activated
T lymphocytes [32]. MMF has a five-fold increased
affinity for IMPDH type II which is expressed by
T and B cells as opposed to type I which is expressed
by most other cells. MMF is associated with gener-
ally mild side-effects including gastrointestinal
symptoms and leukopenia although it is contra-
indicated during pregnancy [33]. Long-term use
of MMF may be associated with an increased risk
thorized reproduction of this article is prohibited.thorized reproduction of this article is prohibited.
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FIGURE 2. Key cytokines involved in the induction and
effects of IL-17. IL-17 is emerging as a central pathway in
inflammatory diseases including hypertension. TH17 cells are
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of infection, lymphoma and other neoplasias, but
the data are inconclusive as to the risk that should be
attributed to MMF as it is virtually always given in
combination with other drugs. Animal models sup-
port the efficacy of MMF for hypertension. Boesen
et al. and de Miguel et al. showed in two different rat
models that MMF abrogates renal damage and low-
ers BP [10,34,35

&

]. Similar findings were previously
reported [36–38]. The effect of MMF on hyperten-
sion in humans has been at least tangentially
examined. Herrera et al. [39] reported in 2006 that
MMF treatment was associated with reduced hyper-
tension in a cohort of individuals with essential
hypertension that were being treated with MMF
for either rheumatoid arthritis or psoriasis. Of the
most frequently used immunosuppression agents,
MMF has the most potential for use in the setting of
hypertension. Animal models and limited clinical
data support the feasibility of its use. However, it
remains unclear if MMF offers sufficient benefits
to offset a side-effect profile that still far exceeds
current antihypertensive medications.
generated in response to a range of cytokines, including
TGFb, IL-23, IL-6 and IL-1b. Cytokine production is
potentiated by local interaction with IL-1bR and downstream
activation of the transcription factor NFkB. IL-17 is produced
by TH17 cells (and other immune cells) and indirectly by
factors that reduce the proportion of TH1 T cells. Current
targets of biopharmaceutical development are bolded and
include IL-6, TNFa and IL-17A.
TARGETING THE IMMUNE SYSTEM: NEW
APPROACHES

The relatively fewer side-effects associated with MMF
compared with CNIs highlight the importance of
increased specificity when considering approaches
to targeting the immune system. In addition to
uncovering the interaction between the immune
system and hypertension, significant advances have
been made in identifying specific cytokines that
mediate inflammation, oxidative stress and organ
damage. In particular, the proinflammatory cyto-
kines IL-17, IL-1, IL-12, IL-8, IL-6 and TNFa are likely
to be involved in the induction or pathological
response to hypertension. Of these, there is consider-
able interest in IL-17. IL-17 cytokines include six
family members (IL-17A-F) and their ubiquitous
receptors. IL-17A is the prototypic molecule; its
expression identifies a unique subset of CD4þ T cells
now known as TH17 cells. In addition to TH17 cells,
IL-17 is produced bydendritic cells, macrophages and
natural killer cells [40,41]. IL-17 production is driven
by IL-6 and IL-1b [42] and is indirectly enhanced by
IFNg and TGFb-mediated suppression of TH1 cells
which increases TH17 cells. IL-17, in turn, mediates
production of TNFa, IL-1, IL-6 and IL-8, which are
linked to hypertension and tissue damage [43]
(Fig. 2).

Elevated production of IL-17 is associated with
autoimmune diseases in both animal models
and humans (recently reviewed in [44]). In addition,
IL-17 is increased in hypertension and related dis-
eases, including preeclampsia and lupus [45–47].
opyright © Lippincott Williams & Wilkins. Unauthoopyright © Lippincott Williams & Wilkins. Unautho
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Expression of the multifunctional proinflammatory
IL-6, which plays a critical role in expression
and production of IL-17, correlates with changes
in BP in patients with hypertension [48,49]. More-
over, accumulation of IL-6 in the kidney is associ-
ated with Ang-II-mediated hypertension in patients
with chronic kidney disease and hypertension
[50,51]. Downstream of IL-17, TNFa expression is
closely identified with inflammatory autoimmune
diseases, including rheumatoid arthritis and psoria-
sis. In addition, TNFa may also be increased with
hypertension [49,52]. Taken together, these data
suggest that targeting the IL-17 pathway may be
beneficial in hypertension. A growing body of
preclinical data supports this model. First, infusion
of IL-17 in mice is sufficient to cause hypertension
[53]. Conversely, mice lacking IL-17 are resistant
to angiotensin II-mediated hypertension and
develop less vascular remodeling and oxidative
stress than wildtype mice [54]. Finally, lentiviral
targeting of IL-17R improves cardiac function and
decreases fibrosis in the spontaneously hypertensive
rat model [55]. Similar promising results have
been reported using IL-6 knockout mice [56] and
rized reproduction of this article is prohibited.rized reproduction of this article is prohibited.
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Table 1. Summary of new therapeutic targets for hypertension

Biopharmaceutical Target Phase Side-effects

Etanercept TNFa Market (Embril) Infections, possible increase in malignancies

Infliximab TNFa Market (Remicade)

Certolizumab pegol TNFa Market (Cimzia)

Golimumab TNFa Market (Simponi)

Adalimumab TNFaR Market (Humera) Infections, possible increase in malignancies

Ixekizumab IL-17A Phase 3 Limited data; Infection, neutropenia

Secukinumab IL-17A Phase 2/3

Brodalumab IL-17R Phase 3 Limited data

Sirukumab IL-6 Phase 3 Limited data

Sarilumab IL-6R Phase 3 Limited data

Tocilizumab IL-6R Market (Actemra) Infections, neutropenia, hepatotoxicity

Gevokizumab IL-1b Phase 3 Limited data

Anakinra IL-1R Market (Kineret) Infection, neutropenia, possible malignancies

Tildrakizumab IL-23 Phase 3 Limited data

Ustekinumab IL-12/23 Market (Stelara) Infection, possible malignancies

Immune system to treat hypertension Gooch and Sharma
treatment of rodent models with an anti-TNFa anti-
body [57,58].

The recent preclinical data supporting targeting
the IL-17 pathway for the treatment of hypertension
have not yet been translated to clinical studies.
However, because of its established role in auto-
immunity, IL-17 is the subject of great interest in
the fields of rheumatoid arthritis and psoriasis and
several biopharmaceuticals are in development to
target IL-17 production and action (summarized in
Table 1). TNFa inhibitors are the farthest in develop-
ment and five different drugs have been approved by
the Food and Drug Administration. These include a
recombinant TNFa receptor fusion protein, entaner-
cept (Enbrel) and four monoclonal antibodies to
TNFa including adalimumab (Humira). As a class,
anti-TNFa biopharmaceuticals have significant side-
effects including infections and, potentially, an
increased risk of cancer [59]. Although it has not
been studied directly, the data do suggest a potential
cardiovascular benefit for individuals on anti-TNFa

therapies. Hugh et al. reported in a recent literature
overview that use of anti-TNFa therapies is associ-
ated with reduced cardiovascular events in psoriasis
patients [60

&

]. Interestingly, several trials are
currently recruiting that will look at the effective-
ness of anti-TNFa biopharmaceuticals in patients
with psoriasis and a comorbid condition including
hypertension. It remains to be seen, however, if
cardiovascular benefits outweigh side-effects includ-
ing the increased risk of infection.

Other biopharmaceutics targeting IL-17 cur-
rently in development include monoclonal
antibodies against IL-17A or IL-17 receptor. Ixekizu-
mab, secukinumab and brodalumab are in phase 3
Copyright © Lippincott Williams & Wilkins. UnauCopyright © Lippincott Williams & Wilkins. Unau
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trials for psoriasis or rheumatoid arthritis. A sum-
mary of phase 2 data was recently published con-
firming a beneficial effect of targeting IL-17 for
psoriasis and suggesting a tolerable safety profile.
The major adverse effects were upper respiratory
infections, nasopharyngitis and transient neutrope-
nia [61

&

]. An IL-6 monoclonal antibody, sirukumab,
is also in phase 3 clinical trials. Phase 1 and 2 data
indicate that infections, neutropenia and a dose-
dependent decrease in white blood cells are com-
mon adverse events [62]. Finally, other strategies
to target IL-17 include small molecule inhibitors
of retinoic acid-related orphan receptor gt (RORgt),
which is a master regulator of TH17 cell develop-
ment [63]. Although promising, the efficacy of these
agents in hypertension remains to be established.
CONCLUSION

Emerging evidence supports the immune system as
a new therapeutic target for the treatment of hyper-
tension and, potentially, other cardiovascular and
renal diseases. Decades of clinical experience with
potent immunosuppressants including CNIs high-
light the challenges of inhibiting the immune sys-
tem while preserving a tolerable safety profile. This
is especially relevant in the setting of hypertension
which affects millions of otherwise generally
healthy adults and for which there are currently
well tolerated, safe therapies. Research into the
mechanisms of inflammatory hypertension has
identified a group of promising cytokine targets.
With the success of Enbrel and Humira, biopharma-
ceuticals are a fast growing segment of the pharma-
ceutical industry. Limited clinical data support the
thorized reproduction of this article is prohibited.thorized reproduction of this article is prohibited.
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cardiovascular benefits of these therapeutic options,
but the efficacy of treating essential hypertension
has yet to be directly tested. Moreover, it remains to
be seen if targeting these immune mediators can
provide superior benefits to the current standards of
renal and cardiovascular care with an acceptable
safety profile.
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