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SUMMARY

In recent years, an increasing body of evidence has shown that the
renin—-angiotensin-aldosterone system (RAAS) may play a crucial role
as a mediator of cardiovascular and renal morbidity and in vascular
inflammation. However, inhibition of the RAAS at different levels may
also influence autoimmune responses and modulate T-cell and anti-
gen-presenting cell function, probably via different signaling path-
ways. In particular, the RAAS may play a role in autoimmune
demyelination of the central nervous system, as well as the peripheral
nervous system. Thus, modulation of the RAAS, for example inhibition
of renin or angiotensin-converting enzyme, as well as blockade of
angiotensin Il AT, receptors, may represent an innovative therapeutic
strategy in multiple sclerosis or other autoimmune diseases, as shown
in experimental autoimmune encephalomyelitis.

INTRODUCTION

In the last decades, several immunological studies revealed that not
only classical components of the immune system, such as T cells, B
cells and different cell types of the innate immune system, including
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antigen-presenting cells (APCs), regulate immune responses.
Rather, a variety of different cell types and tissues may play an
important role in these processes. In addition to cytokines,
chemokines and different immune cell receptors, as well as neu-
rotrophins, different hormones and other mediators are involved in
the regulation of immune cell function. In this context, investigating
the role of the renin-angiotensin—aldosterone system (RAAS) in
inflammation is an area of growing interest. In particular, inhibition
of classical RAAS signaling pathways promotes anti-inflammatory
effects. This observation may boost further research to test whether
modulation of the RAAS may be a suitable target for the therapy of
different autoimmune diseases. Here we review the effects of RAAS
components on immune responses, with a special focus on neuroin-
flammatory processes, especially the inflammatory demyelinating
disease multiple sclerosis (MS) and its animal model experimental
autoimmune encephalomyelitis (EAE).

FUNCTION OF THE RAAS

The RAAS plays a crucial role in fluid homeostasis and has been
studied for more than a century. In RAAS signaling pathways, renin
mediates the proteolysis of angiotensinogen to angiotensin |, which
is further processed by angiotensin-converting enzyme (ACE) or
angiotensin-converting enzyme 2 (ACE2, ACEH) into different cleav-
age products, among them angiotensin Il (Ang I1) (1). Ang Il exerts its
various actions on several target organs, including the heart, kidney
and blood vessels, and thus contributes to many physiological func-
tions, such as regulation of blood pressure or electrolyte homeosta-
sis (2). Ang Il mediates its effects by at least two different types of
receptors, which have been pharmacologically identified and cloned:
the Ang Il type 1 receptor (AT,) and the Ang Il type 2 receptor (AT,).
In mice, effects on the AT, receptor can be further subdivided and
Ang Il may interact with AT, or AT, receptors.

Moreover, Ang Il activates the mineralocorticoid hormone aldos-
terone from the cortex of the adrenal gland, which plays an impor-
tant role in salt and fluid homeostasis (3). A further level of complex-
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Figure 1. Figure depicting the role of the renin—angiotensin—aldosterone system (RAAS) in autoimmune demyelination. In the periphery, antigen-presenting
cells (APCs) prime T cells (T), which are activated and gain the ability to cross the blood-brain barrier (BBB). In the central nervous system (CNS), they initiate
an inflammatory cascade, ultimately leading to activation of B cells (B) and macrophages (M®), as well as CD8* T cells (CD8), which cause demyelination or
axonal damage. Possible targets of RAAS inhibition in the immune system, including M® or regulatory T cells (Treg), are indicated in red. AT|R, AT, receptor.

ity is introduced by the identification of alternative RAAS signaling
pathways which may involve ACE2 and further Ang cleavage prod-
ucts like Ang-(1-7) or Ang IV (4).

Ang Il enhances the release of catecholamines from the medulla of
the adrenal gland and also from nerve terminals. It increases thirst
and promotes salt retention, as well as vasoconstriction, thereby sig-
nificantly contributing to the development of hypertension (2). In
vascular disease, Ang Il promotes the development of atherosclero-
sis, providing a first link between the RAAS and the immune system.
In atherosclerosis, the pathogenic role of Ang Il has been linked to
signaling via inflammation-regulating chemokines such as mono-
cyte chemoattractant protein 1(MCP-1) and its receptor CCR2 (5, 6).
Indeed, atherosclerosis may be viewed as a chronic inflammatory
disease with an adaptive immune response to the atherosclerotic
plaque, as well as associated antigens, including heat shock protein
HSP60, oxidized low-density lipoprotein (oxLDL) or ACE itself (7). At
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early stages of atherosclerosis, “Th1”-polarized CD4* cells producing
interferon gamma (IFN-y) and other proinflammatory cytokines also
contribute significantly to the pathogenesis of the disease (8).

THE RAAS AND IMMUNE RESPONSES

Many aspects point to the fact that there is an intricate interplay
between the RAAS and the regulation of immune responses or
inflammatory processes (Fig. 1). For example, studies in RAG-1-defi-
cient mice highlight the role of T cells in the pathogenesis of Ang II-
induced hypertension and vascular dysfunction (9). Furthermore,
AceZ? knockout mice are characterized by severe cardiac dysfunction
associated with the accumulation of cardiac Ang Il and, depending
on the genetic background, higher blood pressure (10). These
changes in AceZ knockout mice are associated with enhanced
cytokine and chemokine expression and leukocyte infiltration in the
heart and cardiomyopathy (11). Additionally, recent studies have
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shown that Ang-(1-7), the downstream peptide of ACE2 signaling
pathways, is itself an active metabolite of the RAAS and activates its
own receptor, known as Mas, which has been characterized as a
physiological antagonist of the AT, receptor in cardiovascular mod-
els (12-14). Thus, treatment with Ang-(1-7) may ameliorate experi-
mental heart failure, diabetic heart failure and endothelial dysfunc-
tion in vivo (4, 15, 16). In hypertensive rats, immunosuppressive
treatment with dexamethasone protects against Ang ll-induced
renal damage (17).

In humans, the relevance of Ang Il for inflammatory responses was
recently shown in kidney transplant patients. Here, the presence of
AT, receptor-activating antibodies is associated with allograft rejec-
tion, and the transfer of human AT, receptor antibodies into rodents
induces vasculopathy and hypertension in a rat kidney transplant
model (18). In clinical trials, modulators of the RAAS, including ACE
inhibitors such as captopril, ramipril or lisinopril, display beneficial
effects in the treatment of hypertension, kidney disease (including
lupus nephritis), myocardial infarction, as well as stroke, and thus
are widely used in clinical practice. A similar approach is the phar-
macological blockade of the AT, receptor, e.g., by candesartan or
losartan, which, in contrast to other AT, receptor blockers like telmis-
artan, do not display additional peroxisome proliferator-activating
receptor (PPARY) agonist effects (19).

MULTIPLE SCLEROSIS AND ANIMAL MODELS

Multiple sclerosis (MS) is the most common chronic neurological
disease in young adults, affecting predominantly women, with a
ratio of about 3:2. Characteristic early symptoms of relapsing-remit-
ting disease courses include sensory disturbances or optic neuritis,
while motor impairment may lead to significant disability in progres-
sive MS courses at later disease stages. The last 15 years witnessed
the introduction of disease-modifying therapies especially for early
phases of the disease. However, their efficacy is still incomplete and
there is as yet no cure for this devastating disease.

A complex interplay of genetic as well as environmental factors may
contribute to the presumably autoimmune pathogenesis of MS, but
the exact etiology of the disease is still unclear. The classic
histopathological features of MS lesions comprise inflammation,
demyelination and gliosis in the white matter, while more recent
investigations have also focused on the pathology of the grey matter
(20). In the past 10 years, several studies revealed the importance of
degenerative features with axonal injury, as well as loss of axons and
probably also neurons, especially for the development of permanent
disability (21). The disease course and also the histopathological fea-
tures of MS can be mimicked in several animal models, the most
important being experimental autoimmune encephalomyelitis
(EAE) (22).

EAE can be induced in susceptible animals, mostly inbred rodent
strains, by immunization with whole central nervous system (CNS)
myelin or distinct (myelin) antigens in adjuvant. Over the past
decades, experimental studies identified encephalitogenic epitopes
of several potential autoantigens, such as myelin oligodendrocyte
glycoprotein aa 35-55 (MOG35-55) or proteolipid protein aa 139-151
(PLP139-151). The immunization of susceptible mouse strains such
as C57BL/6 mice with MOG or SJL mice with PLP peptide is able to
mimic distinct aspects of MS. In particular, the induction of MOG-
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EAE in the C57BL/6 mouse results in a first relapse followed by a
chronic disease phase characterized by demyelination and also
degenerative features (23). While much work in these models led to
the characterization of major players involved in immune pathogen-
esis, including pathogenic “Th1/Th17"” immune responses or also
regulatory elements, fewer studies addressed the role of neurohor-
mones or neuropeptides in these processes. Here, the RAAS may be
of special interest given its various interactions with neuronal and
also glial cells. In recent years, it has become increasingly clear that
the RAAS may not only influence immune reactions in the cardiovas-
cular system or hormonal processes in the CNS, but also immune
responses in the nervous system (see below).

ROLE OF THE RAAS IN NEUROINFLAMMATION

In the treatment of cardiovascular diseases via RAAS blockade, the
specificity of beneficial anti-inflammatory effects is difficult to delin-
eate since concomitant effects on blood pressure cannot be exclud-
ed. However, the role of the RAAS was also investigated during
autoimmune demyelination, where blood pressure is not altered. A
model for autoimmune demyelination is MOG-EAE in C57BL/6
mice, which mimics many aspects of MS (22, 24). In particular,
MOG-EAE is characterized by proinflammatory “Th1” as well as
“Th17" T-cell responses and also infiltration of macrophages, as well
as a critical role for APC populations, such as dendritic cells (DCs).

Recent studies showed that RAAS peptides are present in CNS
lesions of MS patients and that the AT, receptor is upregulated in MS
plaques, as revealed by immunohistochemistry. In active lesions, AT,
receptor expression is concentrated in perivascular cuffs. Moreover,
expression of the AT, receptor was found in endothelial cells, astro-
cytes and axons (25, 26). These observations led to the conclusion
that the existence of crucial RAAS components at the site of active
disease in MS may be linked to a functional implication of the RAAS
in neuroinflammation. Well in line with this idea, previously pub-
lished studies in animal models already revealed that treatment
with the ACE inhibitor captopril provided beneficial effects in MBP-
EAE of the Lewis rat, while a more recent study showed that the AT,
receptor blocker telmisartan suppressed experimental autoimmune
uveitis, a T-cell-mediated disease of the eye (27, 28). In these mod-
els, immunological studies pointed to an effect of both compounds
on the T-cell response. However, telmisartan also possesses a
PPARY agonist effect which somehow Llimits the specificity of these
findings for the RAAS (19).

Recently, it was also shown that the RAAS influences autoimmune
demyelinating processes in the peripheral nervous system. In an ani-
mal model of experimental autoimmune neuritis (EAN), the ACE
inhibitor captopril improved clinical signs of the disease and reduced
inflammatory infiltration in the nerve. In particular, captopril may
attenuate the overexpression of matrix metalloproteinases MMP-2
and MMP-9, which are strongly associated with tissue damage. Here,
MMPs mediate the proteolysis of B-dystroglycan (B-DG), which
belongs to the stabilizing DG complex localized on the outer mem-
brane of Schwann cells, thus promoting demyelination.
Consequently, inhibition of MMP by captopril may not only reduce
inflammation but also directly interfere with demyelination, and thus
may represent a new therapeutic option in autoimmune neuritis (29).
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In MOG-EAE, immunized mice displayed increased renin activity.
Moreover, RT-PCR analyses revealed an increased expression of AT,
and Awa receptors, as well as ACE, in components of the immune
system. These effects could be downregulated after application of
the AT, receptor blocker losartan. Upon a closer look, components of
the RAAS were differently expressed in distinct immune cell subsets
under inflammatory conditions. In peritoneal macrophages, the
expression of AT, and AT, receptors, as well as ACE and ACE2, was
upregulated, whereas the expression of the AT receptor was
downregulated after application of AT, receptor blockers. In T cells,
the expression of AT, and AT, receptors was increased, while ACE
and ACEZ expression was suppressed. During maturation of DCs,
both AT, and AT, receptors were upregulated (24).

Treatment with the renin inhibitor aliskiren or with the ACE inhibitor
enalapril, as well as with the AT, and AT, receptor blocker losartan,
ameliorated the disease course of MOG-EAE, thus further pointing
to a proinflammatory role of classical RAAS pathways in neuroin-
flammation. Well in line with this idea, histopathological analyses
after RAAS blockade revealed a reduced infiltration of
macrophages/microglia in the acute and chronic phase of MOG-
EAE. Blood pressure-related effects were excluded by treatment
with vasodilators, which do not display such immunomodulatory
effects in EAE (24).

The development of autoimmune responses in EAE may depend on
myelin-specific IFN-y-producing “Th1” cells, as well as on a more
recently described subset of CD4* T cells that are characterized by
the secretion of the interleukin IL-17, i.e., “Th17" cells (30-32). In
PLP139-151-immunized mice, pretreatment with the ACE inhibitor
lisinopril or the AT, receptor antagonist candesartan led to a sup-
pression of “Thl and “Th17” cytokines, and subsequently to an
increase in immunomodulatory mediators such as IL-10 and trans-
forming growth factor-f (TGF-f) (26). Furthermore, adoptive trans-
fer experiments revealed that the proinflammatory phenotype of
antigen-specific T helper cells is downregulated after treatment with
lisinopril. Finally, the blockade of ACE with lisinopril induced FOXP3-
positive regulatory T cells (Treg), which protected PLP-immunized
mice from EAE in an adoptive transfer setting.

At the molecular level, cell differentiation via the AT, receptor
involves multiple G protein-dependent and -independent signaling
pathways, resulting in activation of signal transducer and activator
of transcription (STAT) molecules. In a classical paradigm, STAT4 is
also involved in the differentiation of T cells to “Th1” or “Th17" cells
(33, 34). Consistent with these data, STAT4-deficient mice are resist-
ant to EAE (35). Well in line with these concepts, PLP139-15T-immu-
nized SJL/J mice showed reduced levels of STATT and STAT4 protein
levels after treatment with lisinopril and displayed a reduced
responsiveness to LL-12. Moreover, treatment of antigen-specific T
cells with lisinopril modulated suppressor of cytokine signaling
(SOCS) molecules, which may additionally contribute to a regulato-
ry “Th2" cell phenotype. SOCS molecules may also negatively regu-
late nuclear factor NF-kB, a transcription factor involved in many
inflammatory responses (36). In turn, NF-xB inhibition enhances the
activity of FOXP3 and thus the induction of Treg cells. Well in line
with this concept, lisinopril was shown to induce the expression of
the inhibitor of NF-kB, IkBa, in APCs, thus suppressing NF-kB path-
ways and inducing FOXP3-positive Treg.
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Besides effects on T cells, recent data also suggest pivotal effects of
the RAAS on CD11b-positive as well as CD1lc-positive APCs. In par-
ticular, blockade of AT, receptors via losartan affects the migration
of APCs, thus limiting the numbers of macrophages and DCs in the
spleen under inflammatory conditions, as well as in the inflamed
CNS. These findings, and in particular studies in AT, receptor-defi-
cient mice (agtrl”’- mice), identify the AT, receptor as the pivotal
mediator of the RAAS involved in the function of APCs in autoimmu-
nity. However, migration of CD11b-positive monocytes may not only
play a role in the pathogenesis of MS, but also cardiovascular dis-
eases such as atherosclerosis, where chemokines and their recep-
tors, such as CCL2 and CCR5, may be involved (5, 6). Indeed, inhibi-
tion of the RAAS at the level of ACE or the AT, receptor was shown
to affect adhesion of monocytes to blood vessels or migration of
monocytes into atherosclerotic plaques. Moreover, blockade of the
AT, receptor may also inhibit the accumulation of DCs in a rat model
of tubulointerstitial fibrosis. Here, Ang Il may not only interfere with
APC migration, but also with APC differentiation, which deserves
further investigation.

In MOG-EAE, the inhibition of APC migration may be mediated by an
effect of the RAAS on the expression of chemokines such as CCL2.
In line with this observation, the ACE inhibitor ramipril reduced the
Ang ll-induced release of the chemokines IL-8 and CCL2 in mono-
cytes via NF-kB-dependent mechanisms. A reduction of CCL2 in
monocytes was also shown after losartan treatment in a rat model
of spontaneous hypertension and in a model of mesangial prolifera-
tive glomerulonephritis. Besides inhibition of chemokine expression,
AT, receptor blockade may also affect chemokine receptor expres-
sion in monocytes, as shown recently for the chemokine receptors
CXCR2 and CCRe.

Besides the function of AT, receptors, transfer experiments with
bone marrow stromal cells in a model of ischemia-reperfusion injury
also pointed to a role for the AT, receptor in the regulation of promi-
gratory chemokines (37). However, in cell culture experiments, AT,
and AT, receptor antagonists were not able to completely suppress
the immunological effects of Ang Il, suggesting that complex regu-
latory mechanisms may play a role. In summary, the RAAS plays an
important role in immune cell migration during autoimmune
demyelination of the CNS. These observations in several animal
models may well relate to MS, where levels of serum ACE activity
were suggested as an indicator of disease activity.

Besides direct actions of the RAAS, downstream effectors may also
be involved in autoimmune reactions. It has already been shown that
aldosterone, a mineralocorticoid which is Ang Il-dependently
released from the adrenal cortex, promotes proinflammatory
processes such as perivascular inflammation, reactive oxygen
species production, immune complex deposition and immune cell
infiltration, leading to cardiovascular and renal diseases (38-40).
Classically, aldosterone contributes to the reabsorption of sodium
and water in the renal tubule. Excessive production of aldosterone
leads to the development of hypertension and cardiovascular dis-
ease, and it may thus already generate a proinflammatory state (47).

However, a direct effect on adaptive immune functions was only
recently reported. This recent study described the modulation of DC
function by aldosterone (42). In a cell culture system, ovalbumin-
specific CD8* T cells were cocultured with aldosterone-pretreated,
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ovalbumin-pulsed DCs. In this model, aldosterone led to an
increased activation of CD8* T cells, as shown by upregulation of the
activation marker CD69 and the expression of IL-2. Furthermore,
aldosterone increased the secretion of IFN-y by ovalbumin-specific T
cells. The functional role of the mineralocorticoid receptor (MR) was
underlined by the observation that T-cell priming was inhibited by
two MR blockers: the competitive aldosterone inhibitor spironolac-
tone and the MR antagonist eplerenone. Spironolactone alone
inhibited the activation of CD8* T cells, as measured by IL-2 secre-
tion. Additional analyses revealed that aldosterone-induced
enhancement of T-cell activation is mediated through DCs and not
caused by a direct effect on T-cell function. Consistently, the MR was
detected in DCs but no significant MR expression was found in CD4*
and CD8* T cells. Since it has been shown that DCs are required for
the aldosterone-induced activation of CD8* T cells, the functional
role of the MR in DCs was further studied. Treatment with aldos-
terone did not affect phagocytic capacity or maturation of DCs, as
determined by expression of CD80, CD86 or CD40 as co-
stimulatory molecules. However, aldosterone significantly
decreased the expression of programmed death 1ligand 1 (PD-L1 or
B7-H1), a costimulatory ligand that suppresses CD8" T-cell activity.
Furthermore, aldosterone contributed to an altered cytokine profile
in DCs, with increased IL.-6 and TGF-3 secretion in response to aldos-
terone, whereas secretion of IL-10 and IL-12 was not affected. In line
with this observation, spironolactone prevented the induction of IL.-6
and TGF-f expression in response to aldosterone. The mechanisms
involved in aldosterone-dependent modulation of DCs encom-
passed activation of the mitogen-activated protein kinases (MAPK),
including p38 and JNK, while ERK-T and ERK-2 were not modulated.

Finally, the question arose as to whether aldosterone-activated DCs
also possess the capacity to polarize naive CD4* T cells towards a
“Th17" phenotype. Indeed, aldosterone-treated DCs displayed an
enhanced capacity to promote IL-17 production in CD4* T cells.
Induction of IL-17 secretion was suppressed by the aldosterone
inhibitor spironolactone and the MR antagonist eplerenone. The
“Th17"-inducing capacity of aldosterone was also observed in vivo:
application of aldosterone worsened the course of EAE. In addition,
blockade of the MR prevented all aldosterone effects on DCs and
attenuated EAE in aldosterone-treated mice.

CONCLUSIONS

In summary, an increasing wealth of data point to the importance of
the RAAS in neuroinflammation. Thus, modulators of the RAAS,
including renin or ACE inhibitors, AT, receptor blockers, and possibly
also MR blockers, may pose new and interesting therapeutic options
in such conditions. These drugs are used by millions of people world-
wide for cardiovascular indications with good tolerability; no long-
term adverse effects on the immune system have been reported so
far. In view of the potentially severe side effects of some innovative
oral MS therapeutics currently under development, controlled stud-
ies with drugs targeting the RAAS in MS or other autoimmune dis-
eases are highly warranted.
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