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Abstract

We have previously shown that T cells are required for the full development of angiotensin 11-induced
hypertension. However, the specific subsets of T cells that are important in this process are unknown.
Th17 cells represent a novel subset that produces the proinflammatory cytokine interleukin 17 (1L17).
We found that angiotensin Il infusion increased 1L17 production from T cells and IL17 protein in
the aortic media. To determine the effect of IL17 on blood pressure and vascular function, we studied
IL17~/~ mice. The initial hypertensive response to angiotensin II infusion was similar in IL17/~ and
C57BL/6J mice. However, hypertension was not sustained in IL17~/~ mice, reaching levels 30 mmHg
lower than in wild type mice by 4 weeks of angiotensin 11 infusion. Vessels from I1L17 7/~ mice
displayed preserved vascular function, decreased superoxide production, and reduced aortic T cell
infiltration in response to angiotensin 11. Gene array analysis on cultured human aortic smooth muscle
cells revealed that IL17, in conjunction with tumor necrosis factor o, modulated expression of over
30 genes, including a number of inflammatory cytokines/chemokines. Examination of IL17 in
diabetic humans showed that serum levels of this cytokine were significantly increased in those with
hypertension compared to normotensive subjects. We conclude that IL17 is critical for the
maintenance of angiotensin ll-induced hypertension and vascular dysfunction and might be a
therapeutic target for this widespread disease.
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Introduction

There is emerging evidence that both innate and adaptive immune responses contribute to
vascular dysfunction and hypertension?. Early studies by Svendsen? and Bataillard et al3
suggested that the thymus was important in experimental hypertension in rodents.
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Pharmacological and pathological immune suppression, such as occurs with HIV, is associated
with decreased blood pressure in animals and humans#=5. In addition, T lymphocytes infiltrate
the kidney in hypertensive animals and efforts to reduce this decrease blood pressure’. Recently
we provided further evidence that T cells are essential for the development of hypertension.
Mice lacking T and B cells (RAG1~/~ mice) had blunted hypertension in response to
angiotensin 11 and little or none of the associated vascular dysfunction. Adoptive transfer of
T, but not B, cells restored both the hypertensive response and vascular abnormalities in
RAG1 " mice. angiotensin Il-induced hypertension was associated with increased numbers
of T cells infiltrating the adventitia and periadvential fat of vessels®.

The specific subsets of T cells that are important in hypertension are not known. Traditionally,
T helper cells are thought to differentiate into distinct subsets designated Th1l and Th2 with
different functions and patterns of cytokine secretion9. Th1 cells primarily express interleukin
(IL)-2, interferon (IFN)-y, and TNF-B and mediate host defense against intracellular pathogens
such as viruses and some bacteria. Th2 cells primarily express IL-4, IL-5, IL-6, and IL-13 and
respond to extracellular stimuli such as allergens and helminths (reviewed in Abbas et al10).
An imbalance in Th1/Th2 subsets is implicated in resistance and susceptibility to
infectionl0, the pathogenesis of autoimmune diseases including diabetes11, the development
of atherosclerosis12 and hypertensive kidney diseasel3. In 2005, a novel T helper subset that
produces the unique cytokine, IL17, designated Th17 cells, was described14. There are 6
known members of the IL17 family designated IL17A-F of which IL17A and IL17F are
produced by Th17 cells15. IL17A is the most widely studied and has been implicated in the
pathogenesis of many autoimmune and inflammatory diseases such as rheumatoid arthritis
(RA), psoriasis, multiple sclerosis, asthma, inflammatory bowel disease, and periodontal
disease (reviewed in Tesmer et al15). Recent evidence also supports a role for IL17 in
cardiovascular disease 16718.

Importantly, IL17 synergizes with other cytokines, such as tumor necrosis factor a (TNFa), to
modulate inflammatory responses!®. Given our results that TNFa. plays a critical role in
angiotensin ll-induced hypertension8, we hypothesized that IL17 might also contribute to the
hypertensive phenotype. To test this hypothesis, we studied the production of IL17 by T cells
in response to angiotensin |1, the effect of angiotensin Il on hypertension and vascular function
in mice deficient in IL17, and the effects of IL17 on vascular smooth muscle cells via gene
array. We also examined serum levels of IL17 in humans with and without hypertension. Our
results suggest that Th17 cells and 1L17 could serve as a therapeutic target for the treatment
of hypertension and particularly the vascular dysfunction associated with hypertension.

Materials and Methods

Animal and Cell Culture Studies

C57BL/6J mice were obtained from Jackson Laboratories. IL17~/~ mice were generated as
described in Nakae et al20 and back-crossed to the C57BL/6J background. Blood pressure was
measured by tail cuff or telemetry as previously described21: 22. Immunofluorescence was
performed with a rat-anti-mouse 1L-17 antibody (a kind gift from Dr. Jerry Y. Niederkorn -
Department of Ophthalmology, University of Texas Southwestern Medical Center, Dallas,
Texas). Isometric tension studies of aortic rings, vascular superoxide production, and T cell
infiltration by FACS were performed as previously described®. 1llumina whole genome
beadchip microarray analysis was performed on 3 independent RNA samples from human
aortic smooth muscle cells (HASMs) treated with TNFa. (20ng/ml), IL17 (100ng/ml), TNFa
(20ng/ml) plus IL17 (100ng/ml), or no treatment. The Institutional Animal Care and Use
Committee at Emory University approved all animal protocols.
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Patient population

IL-17A was measured in serum from 112 patients with type 2 diabetes and concomitant other
risk factors for atherosclerosis. The Jagiellonian University Ethics Committee in Cracow,
Poland approved collection of specimens. Clinical characteristics of the population are shown
in supplemental Table 1 at http://hyper.ahajournals.org. IL17 levels were determined by
quantitative immunoassay.

See online supplement at http://hyper.ahajournals.org for additional/expanded Materials and
Methods section.

Results

Angiotensin Il increased IL17 production from T cells

To investigate whether IL17 could play an important role in hypertension, we first determined
if chronic infusion of angiotensin Il increased production of IL17 from circulating T cells.
Angiotensin Il infusion for two weeks increased T cell production of IL17 by greater than 5-
fold as determined by ELISA (Figure 1A). In keeping with this, intracellular staining showed
that the number of circulating Th17 cells was increased by angiotensin Il. At baseline, the
number of CD4+ cells producing IL17 (Th17 cells) in response to CD3 or PMA/ionomycin
was low (0.2% and 0.4%, respectively). This was increased 2-3 fold in mice with 2 weeks of
angiotensin ll-induced hypertension (Figure 1B).

IL17 is required for the maintenance of angiotensin ll-induced hypertension

We then determined the effect of IL17 on blood pressure using both the noninvasive tail cuff
method as well as invasive monitoring with radio telemetry catheters. Interestingly, the initial
hypertensive response to angiotensin 11 was similar in the IL17~ mice and C57BL/6J controls.
By week 3, however, the C57BL/6J mice remained hypertensive while the blood pressure in
IL177"~ mice started to decline (Figure 2A). By 4 weeks of angiotensin 11 infusion, the systolic
pressure by telemetry was 30 mmHg lower in 1L177~ mice compared to wild type mice
(Figures 2B and 2C). Diastolic pressures and mean arterial pressures were similarly decreased
in IL-177"~ mice by three weeks of angiotensin II infusion, while heart rate was similar between
the two groups (Figure 2C-D).

Angiotensin Il increased vascular levels of IL17 protein

We performed immunofluorescence analysis for IL17 in sections from the thoracic aorta of
C57BL/6J or IL177/~ mice treated with vehicle or angiotensin 11 for 4 weeks. Angiotensin 1
infusion markedly increased the levels of IL17 in the thoracic aorta with specific staining
confined to the innermost medial layer of the vessel (Figure 3A). There was also some staining
seen in the IL177~ mice, perhaps due to cross-reactivity with isoforms other than IL17A, but
quantification of intensity revealed that this was significantly lower than that seen in the
C57BL/6J mice treated with angiotensin Il (Figure 3B). The increase in IL17 protein in the
aorta is not due to increased IL17 receptor expression, as this was similar between sham and
angiotensin ll-treated aortas by real-time RT-PCR (data not shown).

IL17 contributes to angiotensin ll-induced vascular dysfunction

As previously reported, angiotensin Il-induced hypertension was associated with blunted
endothelium-dependent vasodilatation to acetylcholine in C57BL/6J mice with only mild
impairment of endothelium—-independent vasodilatation to sodium nitroprusside (Figures 4A
and 4B). In contrast, endothelium-dependent vasodilatation was preserved in IL-177~ mice
(Figure 4A). Also, in keeping with prior studies, angiotensin I1-induced hypertension markedly
augmented contraction to phenylephrine from C57BL/6J mice23. This effect was dramatically
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blunted in IL17~~ mice (Figure 4C). These perturbations of vascular tone are thought to be at
least partly mediated by alterations in superoxide production?*. Indeed we found that
angiotensin 11 more than doubled superoxide production in C57BL/6J aortas, and this effect
was abrogated in mice deficient in IL17 (Figure 4D). To extend these results to resistance
vessels, we confirmed that IL17 deficiency abrogated the increase in superoxide production in
mesenteric vessels in response to angiotensin 11 (Figure 4E). Taken together, these results
indicate that IL17 plays a critical role in altering vascular reactivity and increasing superoxide
production in angiotensin Il-induced hypertension.

IL17 modulated expression of adhesion molecules and inflammatory cytokines/chemokines
in cultured human aortic smooth muscle cells

The above experiments suggest that IL17 could promote a pro-inflammatory milieu in the
vessel wall. To investigate this further, we performed gene array analysis on cultured human
aortic smooth muscle cells (HASMs) treated with and without IL17. Surprisingly, IL17 alone
had little effect on gene expression in these cells. Only one gene, stanniocalcin-1, was modestly
increased by IL17 treatment. Because IL17 has been shown to act synergistically with other
potent cytokines such as TNFo and since we previously showed that TNFa is important in
angiotensin I1-induced hypertension8, we also analyzed the effect of IL17 in combination with
TNFo on global gene expression in HASMs. Thirty-two genes were altered in response to 1L17
plus TNFo compared to TNFa alone with 6 genes, including VCAM-1, being downregulated
by IL17 and 26 genes, including a number of inflammatory cytokines/chemakines, being
upregulated by IL17 (see supplemental Figure 1 and supplemental Tables 2-3 at
http://hyper.ahajournals.org). Among the genes upregulated by IL17 were chemokine (C-C
motif) ligand 8 (CCL8), colony stimulating factor 3 (granulocyte) (CSF3), chemokine (C-C
motif) ligand 7 (CCL7), and chemokine (C-X-C motif) ligand 2 (CXCL2).

IL17~/~ mice have reduced aortic T cell infiltration

We have previously shown that angiotensin Il increases T cell infiltration into the vascular
adventitia and periadventitial fat8. IL17 is known to promote chemotaxis of inflammatory cells
in conditions such as rheumatoid arthritis2® and uveitis?®. Moreover, our gene array analysis
indicated that IL17 upregulates a number of cytokines/chemokines which could increase T cell
infiltration. To test this hypothesis, we performed FACS analysis on collagenase-digested
aortas from C57BL/6J and 1L17 7~ mice treated with 4 weeks of angiotensin II. As previously
described, the number of vascular leukocytes (CD45 positive cells) and T cells (CD3 positive
cells) increased by chronic angiotensin Il infusion in C57BL/6J mice (Figure 5). Strikingly,
this inflammatory response was abolished in IL177/~ mice, indicating that IL17 is essential for
vascular T cell homing (Figure 5).

IL17 levels are increased in human hypertension

To determine if IL17 is important in human hypertension, we analyzed serum IL17 levels in
type 2 diabetic patients with and without hypertension as well as other cardiovascular risk
factors. A population with type Il diabetes was studied since these subjects are prone to develop
vascular dysfunction and hypertension, and effects of concomitant risk factors on vascular
phenotypes are more pronounced. One hundred and twelve patients were analyzed (94 with
hypertension or on antihypertensive medication and 18 normotensive individuals). The average
IL17 level in the 18 normotensive individuals was 2.2+1.4 pg/ml and in the 94 hypertensive
individuals was 7.1+1.6 pg/ml (Table 1). Multivariate analysis taking into account major risk
factors for atherosclerosis and the presence of coronary artery disease (CAD) revealed that
hypertension was most strongly independently associated with increased serum IL17 levels
(p<0.005), while smoking and male sex correlated with decreased I1L17 levels (p<0.04 and
p<0.02, respectively) (Table 1).
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Discussion

The present study adds to our prior knowledge regarding the inflammatory process in
hypertension, as it identifies IL17, and by extension the Th17 subset of T cells, as essential in
this disease. We showed that the hypertensive state caused by angiotensin Il is associated with
increased Th17 cells and increased T cell production of IL17. In vivo, angiotensin Il increased
IL17 protein deposition in the aortic wall. The hypertensive response induced by chronic
angiotensin 11 infusion was decreased in IL17~/~ mice compared to C57BL/6J controls. Gene
array analysis revealed that in combination with TNFa, IL17 modulated inflammatory gene
expression in cultured human aortic smooth muscle cells. Blood vessels from IL17 7/~ mice
displayed preserved vascular function, decreased superoxide production, and decreased aortic
T cell infiltration. Analysis of hypertensive and normotensive humans revealed a strong
association between serum IL17 levels and hypertension. Taken together, these data suggest
that IL17 promotes a vascular inflammatory response and is a critical mediator of angiotensin
I1-induced hypertension and vascular dysfunction.

We previously showed that T cells are essential for the full development of angiotensin 11-
induced hypertension, but the question remained as to which subsets of T cells and which
cytokines were important in this process. This is the first report showing that Th17 cells, a
novel subset of T helper cells distinct from Thl and Th2, and interleukin 17 plays a critical
role in angiotensin ll-induced hypertension and vascular dysfunction. Although IL17 is
classically produced by CD4+ T cells (Th17 cells), other sources could include y3Tcells27, a
subset of invariant natural killer T cells (iNKT17)28, CD8+ T cells (Tc17)29, and dendritic
cells under special circumstances30. We therefore cannot exclude a contribution of non-CD4
+ cells to IL17 production in hypertension.

Itis important to note that the blood pressure in IL17 deficient mice after 4 weeks of angiotensin
Il infusion, although significantly decreased compared to control mice, is still higher than
baseline. Thus, loss of 1L17 is not sufficient to abolish all of the blood pressure effects of
angiotensin 1. It is likely that other T cell subsets/cytokines and/or T cell independent effects
of angiotensin I1, such as salt and water retention, are responsible for the IL17 independent
elevations in blood pressure. Indeed, we and others have shown that TNFa plays a critical role
in angiotensin Il-induced hypertension8: 31 and deficiency of 1L6, which functions both
upstream and downstream of 1L1715, has been shown to inhibit angiotensin I1-induced
hypertension32.

To investigate the global effect of IL17 on vascular gene expression and to understand how
IL17 could affect the local inflammatory milieu, we performed microarray analysis on cultured
human aortic smooth muscle cells. Remarkably, IL17 alone had little effect on gene expression
with only one gene, stanniocalcin-1 (STCL1), slightly elevated by IL17 treatment. Since IL17
has been shown to act synergistically with cytokines such as TNFa, and since we previously
showed that TNFa. is important in angiotensin ll-induced hypertension, we performed
additional studies examining the combination of IL17 and TNFa on global gene expression in
HASMs. We found that this combination altered the expression of over 30 genes compared to
TNFo alone. The decrease in VCAM-1 discovered in our gene array analysis was confirmed
by real-time PCR and Western Blot analysis (see Supplemental Figure 2 at
http://hyper.ahajournals.org). This effect on VCAM-1 is consistent with another report that
IL17 inhibited TNFa induced VCAM-1 expression in fibroblasts33. More importantly, 1L17
increased expression of a number of inflammatory cytokines/chemokines such as CCL8, CSF3,
CXCL2, and CCL7. Chemokine (C-C motif) ligand 8 (CCL8), also known as monocyte
chemotactic protein 2 (MCP-2), binds to cell surface receptors such as CCR1 and CCR5
expressed on leukocytes34. Such changes in cytokines/chemokines could provide an
explanation for the decreased leukocyte infiltration observed in IL17~/~ mice. Interestingly,
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another MCP family member, MCP-1/CCL2 has also been implicated in hypertension3°, and
CC chemokines including CCL2 and CCL8 are upregulated in adipose tissue of obese patients
and associated with systemic inflammation36,

It is noteworthy that many IL17-related diseases in humans, such as rheumatoid arthritis,
psoriasis, and periodontal disease are also associated with high blood pressure37=39, There is
growing evidence that IL17 contributes to atherosclerotic vascular disease as well. Recently,
it has been found that patients with acute myocardial infarction and unstable angina have an
increase in peripheral Th17 cells and 1L17 levels1®. In keeping with this, IL17 upregulates C-
reactive protein, a marker of inflammation and cardiovascular disease, in cultured hepatocytes
and coronary artery smooth muscle cells’. Eid et al.18 found that coronary artery infiltrating
T cells produced IL17, IFN-y, or both, and that IL17 and IFN-y acted synergistically to induce
proinflammatory responses in vascular smooth muscle cells. Of note, HMG CoA reductase
inhibitors, which are widely used for treatment of coronary disease, inhibit IL17 gene
expression and secretion from human T cells*. It is possible that some of the cholesterol-
independent beneficial effects of these agents, including their ability to lower blood
pressure*l, are related to their effect on 1L17.

To extend our results to human hypertension, we examined serum levels of IL17 in
normotensive and hypertensive individuals. IL17 was undetectable in a large proportion of
patients, consistent with the observations of others!8. The frequency of IL17 detection was
similar (27-28%) in both groups but when the levels were compared, hypertensive individuals
had a greater than 3-fold increase in serum IL17. This might actually be an underestimation
since 88% of hypertensive patients were on inhibitors of the angiotensin 1 converting enzymes,
which can suppress Th17 cells*2,

Perspective

This is the first report demonstrating an important role for a specific subset of T cells in
angiotensin Il-induced hypertension and vascular dysfunction. Our results indicate that by
targeting a small subset of T cells, it might be possible to control blood pressure and preserve
vascular function without inducing global immunosuppression. Thus, IL17 and Th17 cells
represent novel potential therapeutic targets for this widespread disease.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of angiotensin Il on IL17 production from T cells

C57BL/6J mice were treated for 14 d with vehicle (sham) or angiotensin Il. T lymphocytes
were then isolated, cultured, and stimulated with anti-CD3 antibodies or PMA-ionomycin. (A)
ELISA for IL17 released into the media (n=6-8 per group). (B) Intracellular FACS staining
for IL17 expressed as percentage of CD4+ cells (h=5-6 per group). Data are expressed as mean
+SEM. *p<0.05 vs sham, **p<0.01 vs sham.
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Figure 2. Effect of IL17 on angiotensin Il-induced hypertension

(A) Non-invasive blood pressure measurements obtained via the tail cuff method (n=8-9 per
group). (B) Sample traces of telemetry recordings from freely moving mice after 4 weeks of
angiotensin Il infusion obtained via indwelling carotid artery catheters. Systolic and diastolic
blood pressure (C), mean arterial pressure (MAP) and heart rate (D) from telemetry recordings
(n=4-6 per group). Data are expressed as mean+SEM. *p<0.05 vs IL17 7~ angiotensin 11,
**p<0.01 vs IL177/~ angiotensin I, n.s. = not significant.
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Figure 3. Effect of angiotensin 11 on IL17 protein in vessels

Immunoflourescence for IL17 in sections from the thoracic aorta of C57BL/6J or IL17 7/~ mice
treated with vehicle or angiotensin Il for 4 weeks. (A) Representative confocal images taken
at 60x/oil. (B) Integrated density quantification made from 20x Axiocam images (n=3-4 per
group). Data are expressed as mean+SEM. p-values are shown on graph.
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Figure 4. Effect of IL17 on vascular function and superoxide production

Aortic rings were isolated from C57BL/6J and I1L17~/~ mice exposed to 4 weeks of vehicle or
angiotensin I1. (A) Endothelium-dependent relaxation to increasing doses of acetylcholine
(n=7-13 per group). (B) Endothelium-independent relaxation to increasing doses of sodium
nitroprusside (n=7-13 per group). (C) Contraction to increasing doses of phenylephrine (n=5-
9 per group). (D) Aortic superoxide production as measured by dihydroethidium/HPLC
analysis (n=6-7 per group). (E) Superoxide production in mesenteric vessels as measured by
dihydroethidium/HPLC analysis (n=4-5 per group). Data are expressed as mean+SEM.
**p<0.001 vs remaining 3 groups. *p<0.05 vs C57BL/6J Sham, Tp<0.01 vs IL177/~ Sham and
IL177~ angiotensin II.
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Figure 5. Effect of IL17 on aortic T cell infiltration

(A) Examples of flow cytometric analysis of collagenase-digested aortic single cell suspensions
from C57BL/6J and IL17 '~ mice exposed to 4 weeks of vehicle or angiotensin I1. Fluorescent
staining was performed to detect CD45 (total leukocytes) and CD3 (T cells). Absolute numbers
of total leukocytes (CD45+ cells, panel B) and total T cells (CD3+ cells, panel C) in whole
aortas from vehicle-infused/sham treatment (open bars) and angiotensin I1-infused (solid bars)
mice (n=7-9 per group). p-values are shown on graph.
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