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a  b  s  t  r  a  c  t

Immune  cells  infiltrate  the  kidney,  vasculature,  and  central  nervous  system  during  hypertension,  conse-
quently  amplifying  tissue  damage  and/or  blood  pressure  elevation.  Mononuclear  cell  motility  depends
partly  on  chemokines,  which  are  small  cytokines  that  guide  cells  through  an  increasing  concentration
gradient  via  ligation  of  their receptors.  Tissue  expression  of several  chemokines  is  elevated  in  clinical
and  experimental  hypertension.  Likewise,  immune  cells  have  enhanced  chemokine  receptor  expression
during  hypertension,  driving  immune  cell  infiltration  and  inappropriate  inflammation  in  cardiovascu-
lar  control  centers.  T lymphocytes  and  monocytes/macrophages  are  pivotal  mediators  of hypertensive
inflammation,  and  these  cells  migrate  in response  to several  chemokines.  As powerful  drivers  of  dia-
pedesis,  the  chemokines  CCL2  and  CCL5  have  long  been  implicated  in  hypertension,  but  experimental
data  highlight  divergent,  context-specific  effects  of these  chemokines  on  blood  pressure  and  tissue  injury.
Several  other  chemokines,  particularly  those  of the CXC  family,  contribute  to blood  pressure  elevation  and

target  organ  damage.  Given  the  significant  interplay  and  chemotactic  redundancy  among  chemokines
during  disease,  future  work must  not  only  describe  the actions  of  individual  chemokines  in hypertension,
but  also  characterize  how  manipulating  a single  chemokine  modulates  the expression  and/or  function
of  other  chemokines  and  their  cognate  receptors.  This  information  will  facilitate  the  design  of  precise
chemotactic  immunotherapies  to  limit  cardiovascular  and  renal  morbidity  in hypertensive  patients.

© 2017  Elsevier  Ltd.  All  rights  reserved.
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. Introduction

Accumulating evidence from pre-clinical experimental models

brain where they precipitate tissue injury, hinder vascular relax-
ation, and promote sodium reabsorption. In human patients with
hypertension, mononuclear cells similarly infiltrate the kidney and
ndicates that misdirected immune responses contribute to the
athogenesis of hypertension. Inflammatory cells accumulate in
ardiovascular control centers such as the kidney, vasculature, and

∗ Corresponding author. Tel.:+1 919 684 9788.
E-mail address: Steven.d.crowley@duke.edu (S.D. Crowley).

ttp://dx.doi.org/10.1016/j.phrs.2017.02.026
043-6618/© 2017 Elsevier Ltd. All rights reserved.
vasculature [1,2]. Accordingly, blocking lymphocyte proliferation
or inhibiting the actions of a cytokine produced by lymphocytes
and macrophages ameliorates clinical hypertension [3,4]. Thus, in
experimental and human hypertension, cells of the innate and
adaptive immune systems appear to drive blood pressure elevation

via their recruitment into cardiovascular control tissues. Therefore,
preventing the accumulation of these immune cells in cardiovas-
cular control centers should inhibit local inflammatory injury and

dx.doi.org/10.1016/j.phrs.2017.02.026
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phrs.2017.02.026&domain=pdf
mailto:Steven.d.crowley@duke.edu
dx.doi.org/10.1016/j.phrs.2017.02.026
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ttenuate the hypertensive response. Indeed, genetic manipula-
ions or pharmacological agents that abrogate the recruitment of
mmune cells, particularly monocytes/macrophages and T lympho-
ytes, into the vascular wall and kidney during hypertension reduce
lood pressure and mitigate organ damage [5–8]. However, global

nterruption of immune cell trafficking could lead to complica-
ions of immunosuppression including infection and even impaired
umor surveillance. The challenge is therefore to precisely manip-
late the complex system that regulates immune cell migration to
reat hypertension and its attendant cardiovascular consequences
hile preserving key immune defense mechanisms.

Immune cells patrol the circulatory system and peripheral tis-
ues in search of invading pathogens. However, the profile of
mmune cell lineages varies dramatically between organs in health
nd disease. Specific migration of particular immune cell sub-
opulations is precisely governed by their expression of adhesion
olecules that bind to receptors on the vascular endothelium and

y tissue-specific gradients of chemotactic signals [9]. Increased
xpression of specific chemokines within injured tissues directs
he diapedesis of mononuclear cells across the vascular endothe-
ium into the tissue parenchyma. Immune cells that harbor the
ognate G protein-coupled chemokine receptors thereby follow
he increasing concentration of chemokines to the tissue source.
pproximately 50 chemokine ligands and 20 chemokine recep-

ors have been characterized and are divided into four subgroups
ased on the spacing of conserved cysteine residues: CC, CXC, C,
nd CX3C [10]. These abbreviations are followed by an “L” or “R”
nd a number to designate the ligand or receptor, respectively. The
ajority of chemokines comprise the CC and CXC families, while

nly two C (XCL1 and XCL2) and one CX3C (CX3CL1) chemokines
ave been described. The expression pattern of chemokine ligands
nd receptors is determined by the tissue type and physiologic
ontext (steady state vs. disease). For example, in steady state, lym-
hocytes home to peripheral lymphoid organs with high specificity.
CR7 on lymphocytes interacts with its chemokine ligands, CCL21
nd CCL19, which are expressed on the high endothelial venules
f lymph nodes to selectively promote the entry of lymphocytes
rom the circulation [11,12]. In the context of hypertension, the
hemokines that drive the infiltration of immune cells, particularly

 lymphocytes and monocytes/macrophages, into the vasculature,
idney, and central nervous system (CNS) require further investi-
ation. Although over 40 chemokine ligands have been described,
wo chemokines in particular, CCL2 and CCL5, have received the

ost scrutiny regarding their role in hypertension and target organ
amage over the past two decades. More recently, studies have
evealed important roles for CXC chemokines in this setting, while
he function of C and CX3C chemokines in hypertension will require
dditional investigation. Pertinent studies of chemokines in hyper-
ension, discussed herein, are summarized in Table 1.

. CCL2

CCL2 (MCP-1) guides neutrophils, monocytes, and T cells to sites
f inflammation via chemokine receptor ligation [13–15]. Many cell
ypes can secrete CCL2, including endothelial cells [16], vascular
mooth muscle cells [17], renal tubular cells [18], and several cell
ineages of the central nervous system–astrocytes, microglia, and
eurons [19–21]. Hypertensive detriments such as inflammation
22], mechanical stress on vessels [23], oxidative stress [24], and
levated angiotensin (Ang) II levels [25,26] all elicit local CCL2 pro-

uction. Consequently, T cells and monocytes, which harbor the
rimary CCL2 receptor, CCR2, infiltrate the tissue and exacerbate

ocal inflammation, tissue injury, and hemodynamic dysfunction
n hypertension.
gical Research 119 (2017) 404–411 405

Circulating levels of CCL2 are upregulated in patients with
hypertension and correlate with the degree of hypertension-
associated organ damage in humans [27]. Furthermore, CCR2
protein expression on circulating monocytes is enhanced in hyper-
tensive patients [28], leading to an enhanced sensitivity to CCL2
chemotaxis. In experimental models, the CCL2/CCR2 axis consis-
tently exacerbates hypertensive tissue injury and inflammation.
However, the effects on blood pressure of disrupting CCL2 sig-
naling have varied with the experimental design. Pharmacological
blockade of CCR2 slows the progression of, but does not ulti-
mately reduce, established hypertension induced by a combination
of angiotensin II infusion and high salt diet in rats [29]. In mice,
established hypertension caused by mineralocorticoid receptor
activation in combination with salt loading is partially reversed by
the administration of a CCR2 inhibitor [30]. By contrast, CCL2 inhi-
bition exacerbates renovascular hypertension, a model in which
reduced perfusion to the clipped kidney drives renin secretion [31].

Unlike the use of pharmacological inhibitors, genetic deletion
of CCR2 does not influence Ang II-dependent blood pressure ele-
vation in mice [32,33]. These disparate results could be driven by
a number of factors, including pharmacological, off-target effects
that may  drive phenotypic change not attributable to the intended
action of the drug. Apart from technical issues, several chemokines
are redundant in that they attract similar immune cell subpop-
ulations through different receptors. CCR2 antagonists therefore
may  provide transient relief from immune-mediated elevations
in blood pressure before compensation (i.e. the upregulation of
redundant chemokines) occurs. This phenomenon of chemokine
compensation has been described in allograft rejection [34], and
our group has shown this to be the case in the progression of
kidney fibrosis [35]. On the other hand, mice harboring genetic
deletion may have already offset the absence of CCR2 throughout
development. As a result, CCR2-deficient mice may  have enhanced
expression of redundant chemokine ligands and/or receptors that
compensate for the loss of CCR2 upon induction of experimen-
tal hypertension. Temporal measurements of several chemokine
ligand/receptor axes in each model would reveal if this type of com-
pensation occurs. Furthermore, it is conceivable that the reduced
renal perfusion to the clipped kidney in renovascular hypertension
model may  have altered the renal trafficking of injurious and repar-
ative macrophage populations leading to a disparate effect of CCL2
in this case.

CCL2 is upregulated in the hypertensive aorta and kidney
[28,36], whereas CCR2 expression is enhanced on circulating mono-
cytes during hypertension [28]. In the Ang II hypertension model,
deficiency of CCR2 on bone marrow-derived cells alone attenu-
ates macrophage infiltration and remodeling in the aorta [28,33].
In DOCA-salt hypertension, CCR2 inhibition reduces vascular accu-
mulation of macrophages and lowers blood pressure [30]. Thus,
in multiple experimental models, CCL2/CCR2 signaling directs vas-
cular accumulation of monocytes/macrophages with consequent
local injury. In the hypertensive kidney, CCR2 similarly drives
macrophage infiltration, local oxidative stress, glomerular injury,
and ultimately loss of glomerular filtration rate during renin-
angiotensin system (RAS) activation [29,32]. Accordingly, CCL2
inhibition attenuates macrophage infiltration and fibrosis in the
Goldblatt hypertensive kidney [31]. Collectively, these studies illus-
trate that local macrophage accumulation via the CCL2/CCR2 axis
is a principal mediator of vascular remodeling and kidney injury in
hypertension. In the circulation, high surface expression of CCR2 is
predominantly found on pro-inflammatory Ly6Chi monocytes [37].
Therefore, CCR2 expression on the circulating monocyte largely

favors tissue accumulation of pro-inflammatory rather than repar-
ative macrophages in this setting.

The efficacy of RAS inhibition in large numbers of hyperten-
sive patients suggests that the RAS is inappropriately activated
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Table 1
Summary of studies investigating the role of chemokines in hypertension.

Chemokine ligand or receptor Method of inhibition Hypertensive model Effect on blood
pressure

Effect on organ
injury/dysfunction

Reference

CCR2 Pharm—RS102895 Ang II + high salt in rats Transient ↓ ↓ Albuminuria and kidney
fibrosis

[29]

Pharm—INCB3344 DOCA-salt in mice ↓ Not measured [30]
Pharm—RS102895 2 kidney one clip in

mice
↑ ↓ Fibrosis and atrophy in

Goldblatt kidney
[31]

Genetic deletion Ang II in mice Not measured ↓ Vascular remodeling [28]
Genetic deletion Ang II in mice No effect ↓ Albuminuria and kidney

damage; preserved GFR
[32]

Genetic deletion Ang II in mice No effect ↓ Vascular remodeling [33]
CCL5 Genetic deletion Ang II in mice No effect ↑ Increased Albuminuria and

augmented glomerular and
interstitial injury

[35]

Pharm—met-RANTES; genetic
deletion

Ang II in mice No effect ↓ Ex vivo vascular dysfunction [52]

CCR5 Genetic deletion DOCA-salt + Ang II in
mice

No effect No effect on kidney or cardiac
injury

[53]

CXCR2 Pharm—SB265610; genetic
deletion

DOCA-salt in mice; Ang
II in mice

↓ ↓ Vascular hypertrophy and
fibrosis; preserved ex vivo
vascular function

[71]

CXCR3 Genetic deletion Salt loading in mice ↑ Enhanced ex vivo
vasoconstriction and blunted
vasodilation

[66]

CXCR6 Genetic deletion Ang II in mice No effect ↓Kidney injury and fibrosis [70]
t in m

t in m

i
R
c
I
t
e
[
s
i
i
v
m
t
t
p
t
t

c
h
i
e
[
o
e
t
b
g
i
o
I
a
h
l
r
v

o

CXCL16 Genetic deletion DOCA-sal
II in mice

CX3CR1 Genetic deletion DOCA-sal

n essential hypertension. The primary effector molecule of the
AS, Ang II, directly elicits CCL2 production in vascular and renal
ells and enhances expression of CCR2 on monocytes [25,26,38,39].
n turn, global blockade of the type 1 angiotensin (AT1) recep-
or reduces CCR2 expression in circulating monocytes and CCL2
xpression in aortic tissues during Ang II-dependent hypertension
28]. Similarly, AT1 receptor blockade in the renovascular hyperten-
ion model limits the induction of CCL2 expression and macrophage
nfiltration in the glomeruli and renal interstitium [36]. These stud-
es reveal that AT1 receptor activation promotes CCL2-dependent
ascular and kidney damage during hypertension. Our own experi-
ents would suggest that AT1 receptors in the target organ mediate

hese injurious effects. We  have reported that deleting AT1 recep-
ors selectively in LysM-expressing macrophages enhances their
olarization toward a pro-inflammatory M1  phenotype, increases
heir intrinsic expression of CCL2, and exaggerates tubulointersti-
ial damage to the kidney during RAS activation [40].

Stroke, or cerebrovascular accident, is among the most
atastrophic complications of uncontrolled hypertension. While
ypertension drives injury and inflammation in the brain, neuro-

nflammation conversely also promotes autonomic signals that
levate blood pressure and encourage peripheral inflammation
41]. The CCL2/CCR2 axis has been implicated in the translocation
f inflammatory cells from the bone marrow to the CNS [42]. For
xample, spontaneously hypertensive rats have elevated CCL2 in
he bone marrow and an even higher concentration of CCL2 in cere-
ral spinal fluid compared to normotensive rats. This concentration
radient promotes the movement of CCR2-expressing myeloid cells
nto the CNS [43]. Likewise, Sprague Dawley rats upregulate CCR2
n bone marrow cells in response to chronic Ang II infusion. Ang

I is produced within the CNS, but circulating Ang II can also gain
ccess to the CNS, as the blood brain barrier is often disrupted in
ypertension [44]. Moreover, Ang II can directly stimulate hypotha-

amic neurons to upregulate CCL2 production [43], thus driving
ecruitment of inflammatory cells, just as seen in the kidney and

asculature.

Immune cells also directly contribute to the local production
f CCL2 in hypertensive tissues, leading to further recruitment of
ice; Ang No effect ↓Kidney injury and fibrosis [67,68]

ice No effect ↓ Kidney fibrosis [77]

additional inflammatory cells. For example, T cells isolated from
the aorta and kidney, but not the spleen and blood, of Ang II-
infused mice produced more CCL2 upon T cell receptor stimulation
compared to normotensive controls [45]. Moreover, infiltrating
T cells and monocytes/macrophages produce pro-inflammatory
cytokines, such as TNF-� and IL-1�, that further induce CCL2
expression in resident tissue cells [46]. Thus, in a positive feedback
loop mediated via CCL2 and CCR2, the influx of immune cells insti-
gates the recruitment of even more inflammatory cells that drives
hypertensive organ damage and dysfunction.

3. CCL5

CCL5 (RANTES), much like CCL2, is a potent chemotactic
molecule for monocytes and T cells that is produced by several
tissues that control blood pressure, including vascular endothe-
lium and smooth muscle [47,48], glomeruli [49], renal tubules
[50], and the CNS [51]. CCL5 binds multiple chemokine receptors
(CCR1, -3, and -5). Likewise, CCR5 binds multiple chemokine ligands
(CCL3, -4, and -5). However, in the context of hypertension, studies
have focused on the interactions of CCL5 and its primary receptor,
CCR5. Genetic deletion of CCL5 or CCR5 does not attenuate RAS-
dependent hypertension, as CCL5-deficient and CCR5-deficient
mice have similar blood pressure elevation as control mice dur-
ing Ang II-induced hypertension [35,52,53]. However, unlike CCL2,
which consistently exacerbates tissue injury, the influence of CCL5
signaling on hypertensive organ damage appears to be tissue- and
context-dependent. Moreover, although the majority of chemokine
research pertains to immune cell recruitment, chemokines harbor
alternative roles that could affect blood pressure and organ injury
independent of inflammation. For example, CCL5 induces migration
of endothelial progenitor cells during wound healing [54]. Cata-
loguing non-inflammatory actions of chemokines will therefore be
critical for elucidating how these molecules modulate target organ

damage in hypertension.

CCL5 is upregulated in the aorta and perivascular adipose tissue
(pVAT) during RAS-mediated hypertension, which coincides with
an influx of myeloid cells and T cells into the pVAT, increased aor-



acolo

t
o
m
r
t
i
f
m
I
f
R

t
a
t
C
a
e
b
d
i
[
o
e
f
b
a
i
o
p
t

F
fi
c

N.P. Rudemiller, S.D. Crowley / Pharm

ic superoxide production, and vascular dysfunction [5,52]. Genetic
r pharmacological blockade of CCL5 signaling (CCL5-deficient
ice and met-RANTES, respectively) blunts pVAT inflammation,

educes aortic superoxide production, and preserves vascular func-
ion without affecting blood pressure. In the CCL5-deficient mice,
nterferon-� (IFNG)-producing T cells are preferentially excluded
rom the pVAT infiltrate during hypertension, suggesting that CCL5

ay  selectively recruit IFNG-producing T cells to the vasculature.
FNG has been shown to drive vascular oxidative stress and dys-
unction and may  therefore contribute to vascular pathology in
AS-dependent hypertension [55,56].

Although CCL5 expression increases in the kidney during hyper-
ension [53,57], its effects on renal inflammation and injury
ppear to be protective. Without altering blood pressure eleva-
ion in response to chronic Ang II infusion, genetic deletion of
CL5 exacerbates urinary albumin excretion, glomerular injury,
nd interstitial fibrosis. Moreover, CCL5-deficient mice show
nhanced macrophage accumulation in the kidney, accompanied
y increased expression of TNF and IL-1�, two key drivers of RAS-
ependent kidney injury. The protective effects of CCL5 on kidney

njury have also been documented in other models of renal disease
58,59]. Therefore, the beneficial actions of CCL5 in hypertensive
rgan damage may  be kidney-specific. During RAS activation, the
xaggerated renal damage in the absence of CCL5 may  accrue
rom local compensatory upregulation of CCL2. Accordingly, CCL2
lockade abrogates the enhanced renal macrophage infiltration
nd interstitial fibrosis in CCL5-deficient animals [35]. These stud-

es highlight the complex interactions between chemokines with
verlapping specificities. Dissecting these interactions will be
aramount to the careful development of immunomodulatory
herapeutics for hypertensive patients.

ig. 1. Bone marrow-derived fibroblasts may  instigate fibrosis in the hypertensive kidney
broblast precursor cells that express the cognate CXCL16 receptor, CXCR6, infiltrate th
ontributes to kidney dysfunction.
gical Research 119 (2017) 404–411 407

4. CXC chemokines

The CXC chemokines differ from the CC chemokines in struc-
ture, but share similar function, in that they guide the movement
of cells via cognate receptor ligation. The CXC family has been impli-
cated in immunity [10], angiogenesis [60], and cancer biology [61].
However, the role of CXC chemokines in cardiovascular disease is
relatively unknown. Highlighted below are initial investigations
into the effects of CXC chemokine signaling in hypertension.

The expression of chemokine receptor CXCR3 has been reported
on many leukocytes, but has been shown to be especially important
in the migration of activated T cells, particularly pro-inflammatory
Th1 T cells that propagate injury by secreting IFNG and TNF [62].
Despite being a marker for pro-inflammatory T cells, CXCR3 may
have unpredictable effects in renal disease as it also expressed on
the immunosuppressive T regulatory cells that specifically temper
the actions of Th1 cells [63]. Three IFNG-inducible chemokine lig-
ands bind CXCR3: CXCL9, CXCL10, and CXCL11. These chemokines
are produced by a wide variety of cell types, and circulating levels
of all three are elevated in hypertensive patients [64,65]. More-
over, kidney biopsies from hypertensive patients show enhanced
CXCL11 expression in the tubular epithelium, coupled with robust
infiltration of T lymphocytes [64]. These data would suggest that
CXCR3 activity is amplified during human hypertension.

Nevertheless, in experimental models, CXCR3+ T cells limit
rather than promote target organ damage accruing from hyperten-
sion. For example, CXCR3-deficient mice exhibit elevated baseline

blood pressure, enhanced ex vivo vasoconstriction in response to
Ang II, and blunted endothelium-dependent vasodilation com-
pared to wild-type controls [66]. These characteristics may be
related to augmented AT1 receptor expression in the vascula-

. Hypertension augments CXCL16 expression in the kidney. Bone marrow-derived
e kidney. Following activation, these fibroblasts deposit extracellular matrix that
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ure. The mechanisms through which CXCR3 activation limits AT1
eceptor expression remain unclear. Interestingly we  have found
ith microarray analysis that AT1 receptor activation on T cells

uppresses their expression of CXCR3 and, in turn, limits the
ccumulation of Th1 lymphocytes in the kidney during hyper-
ension [57]. Thus, CXCR3 limits angiotensin receptor-mediated
esponses and Ang II suppresses CXCR3-dependent functions, pro-
iding another example of the complex “feedback” interactions
etween AT1 receptors on immune cells and the chemokine system.

CXCL16 and its cognate receptor CXCR6 propagate hyperten-
ive kidney injury. Renal expression of CXCL16 is upregulated
n Ang II-induced and DOCA-salt hypertension [67,68]. In both
ypertensive models, CXCL16-deficient mice have similar blood
ressure to wild-type controls. However, the CXCL16-deficient
idneys are protected from T cell and macrophage infiltration,

nflammation, injury, and fibrosis. CXCL16 was previously shown
o enhance the recruitment of bone marrow-derived fibroblasts to
he injured kidney in a model of renal fibrosis [69]. In hyperten-
ion, CXCL16-deficient mice have similarly blunted accumulation
f bone marrow-derived fibroblasts in the kidney, a plausible mech-
nism for the reduced renal fibrosis seen in these animals. The
ame group observed analogous results in the CXCR6-deficient
ouse during chronic Ang II infusion [70], supporting the notion

hat CXCR6 signaling facilitates scar formation in the hypertensive
idney by driving recruitment of bone marrow-derived fibroblasts
Fig. 1).

CXCR2 regulates neutrophil and myeloid cell motility through
he binding of several CXC ligands, including CXCL1 through CXCL8.
XCR2-expressing leukocytes accumulate in the aorta during
xperimental hypertension, which coincides with vascular inflam-
ation, dysfunction, and injury. Wang et al. recently employed

enetic deletion and pharmacological blockade of CXCR2 to show
hat CXCR2 inhibition significantly attenuates Ang II-induced and
OCA-salt hypertension and associated vascular inflammation and

njury [71]. Bone marrow transplant studies using CXCR2-deficient
ice confirmed that the deleterious effects of CXCR2 expression

n hypertension were mediated by its actions on immune cells.
hus, CXCR2 signaling augments blood pressure elevation and con-
equent vascular injury in hypertension. Further studies will be
equired to understand whether CXCR2 secondarily raises blood
ressure by instigating vascular injury or the converse.

. C and CX3C chemokines

Limited data describe the chemotactic role of XCL1 and XCL2,
nd no studies to our knowledge have yet explored the role of the C
hemokines in hypertension. However, XCL1 directs the movement
f CD8+ dendritic cells [72], and dendritic cells play an important
ole in instigating blood pressure elevation [73]. The function of
CL2 is largely unknown.

CX3CL1 (Fractalkine) exists in two forms: a membrane-
nchored leukocyte adhesion molecule mainly expressed on
ndothelial cells or a soluble factor that attracts T cells and
onocytes via the CX3CR1 receptor [74–76]. In mice, DOCA-salt

ypertension significantly increases CX3CL1 mRNA expression in
hole kidney, and the protein localizes to tubular epithelial and

ascular endothelial cells on immunohistochemistry [77]. CX3CR1-
eficient animals have a preserved hypertensive response, but
re partially protected from renal fibrosis in this model. In these

tudies, CX3CL1 recruited F4/80-expressing myeloid cells into the
idney during hypertension. A similar pro-inflammatory effect of
X3CL1 was documented in the pathogenesis of pulmonary hyper-
ension [78].
gical Research 119 (2017) 404–411

6. Chemokines and immune cell differentiation

The myeloid and lymphoid compartments display remarkable
phenotypic heterogeneity. Generally, M1 macrophages promote
inflammation while M2  macrophages are reparative and anti-
inflammatory. Th1 and Th17 T cells are thought to drive several
immune-mediated pathologies, while T regulatory cells suppress
inflammation. Thus, in hypertension, the extent of inflammatory
tissue injury is largely attributed to the composition of local
immune cell populations. Indeed, augmenting inflammatory or
anti-inflammatory populations in vivo exacerbates or diminishes
hypertensive pathology, respectively [79–82].

Beyond the canonical function of chemotaxis, chemokines influ-
ence immune cell differentiation. For example, in Leishmanial
braziliensis infection, many monocytes that infiltrate the parasitic
lesion differentiate into pro-inflammatory dendritic cells that are
essential to resolve infection. The absence of CCR2 does not affect
the recruitment of monocytes to lesions [83]. However, CCR2-
deficient monocytes showed blunted monocyte-to-dendritic cell
conversion, leading to unresolved infection. Furthermore, T cell dif-
ferentiation is heavily influenced by chemokines [84]. For instance,
CXCR3 not only guides T cells to sites of inflammation, but also
affects CD8+ T cell differentiation [85,86]. Following antigen expe-
rience, CD8+ T cells lacking CXCR3 preferentially differentiate into
memory cells, not short-lived effector cells, thus amplifying the
memory pool. CD8+ memory T cells have been implicated in hyper-
tension [87], and augmented memory T cell pools may  explain
why CXCR3-deficient mice experience exacerbated hypertensive
pathology [66]. Recent work also highlights the ability of T cells to
trans-differentiate between subsets at sites of inflammation [88].
Accordingly, chemokines may  encourage hypertensive pathology
not only by driving the infiltration of immune cells, but also by
promoting differentiation of pro-inflammatory immune subsets in
cardiovascular organs. This paradigm requires further investigation
in the setting of hypertension.

7. Conclusion

Over 40 known chemokines have functions that are not mutu-
ally exclusive, can be promiscuous in receptor ligation, and appear
to have divergent, tissue-specific functions in the setting of cardio-
vascular disease (Table 1). CCL5, for example, exacerbates vascular
injury but protects the kidney in Ang II-induced hypertension. The
exaggerated renal damage associated with CCL5-deficiency may
culminate from tissue-specific compensation, whereby blockade of
one chemokine upregulates expression of redundant chemokines
that could actually worsen pathology. In our studies, genetic
deletion of CCL5 results in the upregulation of renal CCL2 that
exacerbates RAS-dependent inflammation and renal fibrosis [35].
Background strain could also contribute to disparate actions of
chemokines in murine experimental hypertension. CCL5-deficient
mice on the C57BL/6 background are protected from vascular
damage in hypertension, whereas CCL5-deficient mice on the
129SVE strain exhibit worse renal injury, suggesting that genetic
background differences may  impact chemokine signaling during
disease. Such a finding complicates the direct application of exper-
imental findings to the treatment of hypertension in a genetically
diverse human population.

The subsets of immune cells recruited to hypertensive organs
determine the inflammatory microenvironment. Although sev-
eral chemokines, including CCL2, CCL5, and CX3CR1, attract

both monocytes and T cells, the distinct subsets of mono-
cytes and T cells guided by each chemokine may vary. For
instance, circulating monocytes are categorized into two subsets
– “patrolling/alternative” and “inflammatory” – that differentially



acolo

e
a
r
m
o
[
o
C
c
p
s
w
c

p
s
t
h
a
l
d
i
m
i
b
t
e
p
m
l
m
o
s
m
r
l
c
s
t
c
p
s

A

t
R
f

R

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

N.P. Rudemiller, S.D. Crowley / Pharm

xpress CCR2 and CX3CR1 [37]. Moreover, T cells are parsed into
t least four functionally distinct subsets that express chemokine
eceptors in a context-dependent manner [89]. Inflammatory

onocytes express abundant CCR2, are heavily recruited to sites
f injury, and infiltrate the hypertensive vasculature and kidney
90]. On the other hand, patrolling monocytes express high levels
f CX3CR1 and are thought to be primarily reparative. However,
X3CR1 protects T cells from apoptosis and drives Th1 and Th17
ytokine production, which is known to exacerbate hypertensive
athology [91]. Therefore, CCL2/CCR2 may  exacerbate hyperten-
ive pathology via the recruitment of pro-inflammatory monocytes,
hereas CX3CL1/CX3CR1 can drive injury through Th1 and Th17

ytokine production.
Although myeloid and lymphoid populations drive hypertensive

athology, the exact subpopulations that mediate compartment-
pecific pathology require further study. For example, we  have seen
hat altering T cell recruitment influences glomerular damage in the
ypertensive kidney whereas modulating macrophage polarization
nd recruitment impacts tubulointerstitial injury [40,57]. Glomeru-
osclerosis is a relatively late finding in human hypertensive kidney
isease, so it seems plausible that regulating the recruitment of pro-

nflammatory T cells may  be particularly helpful in patients with
alignant hypertension and glomerular injury. By contrast, target-

ng myeloid cell recruitment to limit tubulointerstitial disease may
enefit patients who are developing kidney fibrosis during hyper-
ension. On the other hand, in acute kidney injury, macrophages
xhibit shifting polarizations during different phases of disease
athogenesis [92], suggesting that immunomodulatory therapies
ay  need to target different myeloid cell subsets at early versus

ater, more severe stages of hypertension. In several hypertensive
odels, chemokine inhibition modulated end organ damage with-

ut altering blood pressure. Clinically, chemokine therapy could
upplement the standard regimen of blood pressure lowering treat-
ents to further mitigate organ injury. Moreover, patients with

esistant hypertension may  benefit most from chemokine modu-
ation. Given these uncertainties, further pre-clinical experiments
oupled with descriptive clinical studies will need to pinpoint the
pecific inflammatory cell subsets that drive blood pressure eleva-
ion or hypertensive pathology. Subsequently, the configuration of
hemokines that drive the infiltration or differentiation of these
ro-hypertensive immune cells can potentially be regulated to
afely attenuate end-organ damage in hypertensive patients.
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