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ABSTRACT	
  
Vascular stiffening refers to the reduced ability of the blood vessels to expand in
response to an increase in blood pressure. Vascular stiffening is often not appreciated as a
disease in and of itself but is important to recognize because it is considered a predictor
of many cardiovascular disease states. Mechanisms of vascular stiffening remain largely
unknown. More recently, the immune system has been found to play major roles in
cardiovascular disease and arterial remodeling.
This dissertation therefore seeks to illustrate the role of the adaptive immune
system in vascular stiffening. This has been done using two major studies, the first of
which examines vascular stiffening in a mouse model of immunodeficiency and the
second of which utilizes stimulation of regulatory T cells to suppress the adaptive
immune system. Chronic infusion of angiotensin II, a vasoactive hormone that in excess
contributes to vascular remodeling and hypertension, was the chosen model of vascular
stiffening. We utilized in vivo aortic flow Doppler to evaluate vascular stiffness by pulse
wave velocity and effective Young’s modulus. We also explored less common
parameters of diastolic flow fraction and reflective wave.
Angiotensin II infusion caused an increase in aortic stiffness over 21 days of
treatment in C57BL/6J wild type mice. This increase in stiffness was inhibited in RAG 1/-

immunodeficient mice. The difference in aortic stiffness between the two strains was

supported by a reduction in medial and adventitial hypertrophy and collagen deposition in
the RAG 1-/- mice. Adoptive transfer of CD4+ T helper lymphocytes to RAG 1-/- mice
restored aortic stiffening in response to angiotensin II, indicating that CD4+ T
9

lymphocytes contribute, at least in part, to the remodeling process that leads to vascular
stiffness.
Regulatory T lymphocytes (Tregs) suppress the immune response and have shown
benefits in angiotensin II-induced hypertension and target organ damage. We used a
novel cytokine immune complex of interleukin-2 and the anti-interleukin-2 monoclonal
antibody clone JES6-1 (IL-2/mAbCD25) to stimulate Tregs in vivo. Angiotensin II-treated
C57BL/6J mice were given intraperitoneal injections of IL-2/mAbCD25. The IL2/mAbCD25 complex effectively induced Treg expansion in the spleens and inhibited T
helper 1 and 17 responses. Moreover, the IL-2/mAbCD25 complex inhibited angiotensin
II-mediated aortic stiffening. This was accompanied by reduced collagen deposition in
the aortas and attenuated gene expression of T cell and macrophage infiltrate markers in
the aortic tissue.
This dissertation supports the role of the adaptive immune system and CD4+ T
cells in the development of vascular stiffness as well as the protective roles of Tregs in
the disease. It also highlights the use of the IL-2/mAbCD25 complex as a new potential
therapy for vascular stiffness. Other therapeutics that suppress adaptive immune function
may be beneficial in the treatment of vascular stiffening.
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CHAPTER	
  I:	
  INTRODUCTION	
  
STATEMENT	
  OF	
  THE	
  PROBLEM	
  
Vascular stiffness is defined as the diminished ability of the arteries to expand in
response to an increase in pressure. It is often not appreciated as a disease but it is
important to recognize because it is involved in a variety of maladies and is often
considered predictive of them.
Increased vascular stiffness has been reported as a predictor and cause of
cardiovascular diseases such as hypertension, heart failure, and atherosclerosis
(Boutouyrie et al., 2002; Han et al., 2013). In fact, the Framingham heart study of over
two thousand patients found that higher aortic stiffness is associated with a 48% increase
likelihood in a cardiovascular disease event (Mitchell et al., 2010). But it has also been
shown that vascular stiffness is directly associated with the development of renal
dysfunction (Yoon et al., 2013), dementia (Tsao et al., 2013), functional outcome in acute
ischemic stroke (Han et al., 2013; Y. B. Lee, Park, Kim, Kang, & Park, 2014) and
potentially many other maladies, which warrants the importance of its study.
The immune system has become increasingly accepted to be a perpetrator of
cardiovascular disease and its importance is becoming recognized in vascular remodeling
and stiffening (Schiffrin, 2014; Virdis, Dell'Agnello, & Taddei, 2014; Wu et al., 2014).
Therefore, the goal of this dissertation is to investigate the importance of the adaptive
immune system and vascular stiffening and whether immune inhibition can reduce
vascular stiffening. The following literature review aims to provide a background on the
current knowledge of vascular stiffening and explain current methods of measuring
11

stiffness and other methods used in this dissertation. This review will also provide
background on the adaptive immune system, evidence of its involvement in
cardiovascular disease, and the use of novel cytokine-antibody immune complex for
immunosuppression by stimulation of Tregs.

12

LITERATURE	
  REVIEW	
  
THE	
  ARTERIES:	
  LARGE	
  AND	
  SMALL	
  	
  
The arterial system has both conduit and cushioning functions (London, Marchais,
& Safar, 1989). The conduit function of the vasculature serves to provide blood flow
sufficiently throughout the body to target organs. The cushioning function serves to
smoothen the pulsations that occur intermittently from ventricular ejections.
From a physiological standpoint, the arterial system can be divided into the
central conduit arteries and the peripheral resistance arteries. The latter consist of small
arteries and smaller arterioles of less than 70 µm in diameter and chiefly help regulate
blood pressure function and deliver blood to the end organs. The conduit arteries,
principally the aorta, possess a “cushioning” function by nature of their ability to distend
in response to pressure (London et al., 1989). The ability of these arteries to stretch at
each ventricular contraction is known as the “Windkessel” effect and was probably first
described in the literature by Otto Frank in 1899 (Sagawa, Lie, & Schaefer, 1990).
Blood vessels play different roles in the pathology of cardiovascular disease.
Large arteries are generally the sites of atherosclerotic lesions in humans and
hypertension-associated arteriosclerosis, involving smooth muscle cell hypertrophy and
collagen deposition, as discussed later in this literature review (Mulvany et al., 1996).
Although vascular stiffness affects both the large and small arteries, the focus of this
dissertation is the aorta.
The arteries contain of three principal layers. The innermost layer, the tunica
intima, consists the endothelial lining of the lumen. The middle layer, the tunica media,
13

consists primarily of smooth muscle cells separated by layers of elastin laminae. The
outermost layer, the tunica adventitia, consists of fibroblasts and connective tissue. This
connective tissue, comprised of fibrillar proteins such as collagen and fibronectin, make
up the extracellular matrix (ECM), the “mesh” that surrounds the cells and provides
structural support to the vasculature.

ARTERIAL	
  STIFFNESS	
  DEFINED	
  AND	
  MECHANISMS	
  IN	
  DISEASE	
  
Arterial stiffness is the reduced capacity of an artery to expand and contract in
response to pressure changes. Stiffness can be described by a variety of mathematical
terms. For example, compliance is the amount of volume change in response to a change
in blood pressure (C = ∆V/∆P, where C is compliance, ∆V is volume change and ∆P is
blood pressure change). In a stiff vessel the volume change is lessened and the resulting
compliance is reduced. Wall stiffness can more closely be described by distensibility (D),
which is the compliance relative to the initial volume (D = ∆V/[∆P*V], where V is the
initial volume) (Cecelja & Chowienczyk, 2012).
Stiffness in Humans
In humans, arterial stiffness has been attributed to be a normal ageing. For
example, it has been shown that in East Asian patients with low prevalences of
atherosclerosis, pulse wave velocity (PWV) in the aorta does not remain steady over time
but actually increases an average of 0.1 m/s per year (Avolio et al., 1983). However,
peripheral arterial stiffness has been shown to not increase with age (Mitchell et al.,
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2004) or increase less with age (Avolio et al., 1983). Nonetheless, the significance of
arterial stiffness in disease is often more pronounced and of greater clinical concern.
In particular, higher vascular stiffness has been noted in cardiovascular conditions.
Studies have observed increased arterial stiffness in patients with untreated hypertension
compared with healthy patients of the same age and sex. This has been shown in both
elderly and middle-aged patients (Gribbin, Pickering, & Sleight, 1979). Increased arterial
stiffness has also been noted in atherosclerosis, in which the intimal layer of the artery
accumulates lipids, inflammatory cells, and vascular smooth muscle cells, leading to
foam cell development. Although advanced plaques are heterogeneous it has been
suggested that arterial stiffness may be a useful indicator of the level of aortic
atherosclerosis (Cecelja & Chowienczyk, 2012). Furthermore, vascular stiffness as
measured by PWV, a method described in detail later in the review, is important to
monitor since failing to reduce PWV with antihypertensive drugs is a significant
predictor of cardiovascular related death in end-stage renal disease. This occurs
regardless of a similar reduction of mean arterial pressure in survivors and non-survivors
(Guerin et al., 2001).
Mechanisms of Vascular Stiffening
Mechanisms of vascular stiffening remain incompletely understood. However,
stiffening is generally attributed to vascular remodeling. Pathologies in which the lumen
size decreases are often considered to exhibit “inward” remodeling while those in which
the vessel size increases are said to have “outward” remodeling (Ward, Pasterkamp,
Yeung, & Borst, 2000). Inward remodeling is seen with vessel injury as in the intimal
15

hyperplasia that occurs after angioplasty and atherosclerosis, although outward
remodeling in these cases can also occur.
Outward hypertrophic remodeling also occurs in a variety of conditions in
response to increased blood flow, such as that in hypertension, and also by pathologic
signaling mediators. Remodeling in which the medial cross-sectional area remains
normal is called “eutrophic” remodeling. Eutrophic remodeling can become hypertrophic
as hypertension becomes more severe and growth prevails over apoptosis (Mulvany et al.,
1996; Schiffrin, 2001).
Age-related structural changes occur in the aorta. In the media, this involves the
fracture of elastin and increased deposits of collagen and calcium. In the intima, changes
include an increase in intima-media thickness and incidence of atherosclerosis, especially
in the West (Cecelja & Chowienczyk, 2012). However, since increases in PWV are also
found in populations with low prevalence of atherosclerosis (Avolio et al., 1983), medial
structural changes are likely also a cause of age-related vascular stiffening. The medial
layer of the artery also exhibits age-dependent increases in expression of matrix
metalloproteinases (MMPs), enzymes of the zinc-dependent endopeptidase family
involved in degradation of collagen and elastin. Specifically, MMP-2 and MMP-9 have
been implicated in arterial stiffness (Cecelja & Chowienczyk, 2012). Increased
expression of MMP-2 has been associated with increased elastin thinning and
fragmentation in animal studies (M. Wang & Lakatta, 2002).
In addition to increased collagen deposition, increased collagen cross-linking has
been found to contribute to vascular stiffness. A particular type of cross-link is advanced
16

glycation end products (AGEs), which form when carbohydrates react non-enzymatically
with molecules such as proteins. The role of AGEs in vascular stiffening is supported by
animal studies in which suppression of AGEs by aminoguanidine reduced arterial
stiffening without affecting content of collagen or elastin (Corman et al., 1998) as well as
human studies in which a non-enzymatic breaker of collagen cross-links, ALT-711
(Alagebrium), lessened PWV (Kass et al., 2001).
Enzymes that mediate collagen-collagen and collagen-elastin cross-linking such
as lysyl oxidase (LOX) may also contribute to remodeling and stiffness (Lopez et al.,
2010). Although LOX and increased cross-links are generally associated with vascular
stiffening, one report found increased aortic stiffness and a paradoxical decrease in LOX
activity in a murine model of obesity (Chen et al., 2013).
The vasoactive hormone angiotensin II (Ang II) is responsible for smooth muscle
contraction and hypertension as well as long term hypertrophic remodeling of the
vasculature. Chronic infusion of Ang II is a commonly used model of vascular disease
and stiffness and has been used in the studies in this dissertation. Ang II is known to
induce transforming growth factor (TGF)-ß, which stimulates fibrosis and remodeling
(Wynn, 2008). Abrogation of other cytokines such as tumor necrosis factor (TNF)-α and
interleukin (IL)-1ß reduces the remodeling effects of Ang II (Y. Wang et al., 2014).

HOW	
  TO	
  MEASURE	
  STIFFNESS	
  
Measurements of stiffness or aortic viscoelastic properties can be performed using
several different methods both ex vivo and in vivo. This review will summarize the
17

commonly used methods of biomechanical stress-strain analysis and pulse wave velocity.
It will also introduce other less common parameters that were explored in this
dissertation.
Biomechanical Analysis
One way to measure the viscoelastic properties of the vessel wall is after isolation
ex vivo. The aorta can then be treated as a “tube” and stretched by a biaxial mechanical
device in two directions to measure its elasticity, or inversely, stiffness (Mohan & Melvin,
1983; Vande Geest, Sacks, & Vorp, 2006). In the circumferential direction, pressure
inside the aorta is gradually increased and the distending length of the radius is measured.
In the axial direction, the aorta is stretched lengthwise and the force needed to stretch at
each displacement is recorded.
From this information, a stress versus strain relationship can be graphed for each
aorta (Figure 1). Stress is defined as force per unit area and is measured in the same units
as pressure (e.g. Pascals) while strain is the amount of deformation the aorta undergoes in
relation to its original length or size. In lay terms the stress-strain graph shows how much
force is needed to stretch the aorta. This relationship is also referred to as Hooke’s law.
The slope of this graph is calculated as the Young’s modulus, or stiffness. The arterial
wall becomes stiffer as it is distended, so the relationship is curvilinear rather than
straight. In other words, as the aorta is stretched more and more, it becomes increasingly
difficult to stretch. In theory, this is because as strain increases, stress is transferred from
elastin to collagen fibers (Phase 1 to 2 in Figure 1). The slope of the stress-strain relation
relationship or the Young’s modulus will increase in stiffer aortas.
18

Figure 1. Stress versus strain. Adapted from London et al (1989) (London et al., 1989).
As stress is applied to the vessel, strain or stretch increases. The initial “flat” slope phase
is dominated by stress on the elastin fibers while the “steep” slope phase, separated by the
red dotted line, is indicative of tension primarily on tissue collagen.
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Pulse Wave Velocity
Stiffness can also be measured in vivo. Pulse wave velocity (PWV) measures the
pulse or flow waves at two different sites simultaneously in the arterial system. The
distance between these two sites divided by the time difference between both pulses
derives the PWV. Commonly used sites in humans are the carotid and femoral arteries
since they are superficial and easy to access. Moreover, it includes the region of the aorta
that displays the most age-related stiffening (Mitchell et al., 2004). In the studies
performed for this dissertation, the innominate and renal arteries were used as imaging
sites for ECHO Doppler of PWV in mice. In order to synchronize the time of pulse
propagation in relation to the heartbeat, the time difference of the pulse at the R-wave of
the electrocardiogram (EKG) at each site is used to calculate the time of the wave
propagation (Figure 2). A higher PWV indicates a stiffer arterial system and, in contrast,
a pulse wave travels slower in a more elastic system (Cecelja & Chowienczyk, 2012).
However, factors other than stiffness of the arterial tissue can contribute to PWV,
which must be accounted for. Measured functional stiffness is dependent on the pressure
applied by the blood on the arterial wall. Because of this, arterial compliance can only be
measured for a given pressure and differences in individual blood pressures must be
taken into account (Callaghan, Babbs, Bourland, & Geddes, 1984). Although factors such
as peripheral resistance, vasoconstriction, and high pressure itself causing distension of
the walls can contribute to PWV, PWV remains a standard diagnostic marker of vascular
stiffness (Gribbin et al., 1979).
Improvements may help increase the accuracy of PWV. For instance, PWV is
typically measured by ultrasound or applanation tonometry. However, these methods
20

have their shortcomings, as they make gross global measurements of PWV and diminish
detection of regional stiffness. Adding on, methods of measuring distances between two
arterial points in patients can be highly variable and inaccurate. Magnetic resonance
imaging (MRI)-based PWV measurements are suggested to be faster and more robust
(Wentland, Grist, & Wieben, 2014).
Although Young’s modulus is more accurately measured by ex vivo stress versus
strain, PWV can be used to estimate an “effective Young’s modulus” using the MoensKorteweg equation. The Moens-Korteweg equation uses a propagative model and
calculates the arterial compliance as the product of the arterial volume (measured by
cross-sectional area and unit length) and distensibility. The Moens-Korteweg equation for
wall stiffness, Eh, is stated as:
Eh=2Rρc2
where E is the Young’s modulus, h is the wall thickness, R is the vessel radius, ρ is the
density of blood, and c is PWV (Nichols, O'Rourke, Vlachopoulos, Hoeks, & Reneman,
2011). Wall thickness and/or vessel radius can be measured using ECHO or by ex vivo
histomorphometry. Because the arterial wall is heterogeneous, the values of Eh and E
obtained by this method represent estimated or effective values for the overall wall
properties.
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Figure 2. Pulse wave velocity (PWV). PWV measures the pulse propagation time
through an artery. The transit time is measured from the EKG R-wave (peak of the EKG)
to the initial rise in the pulse or flow wave. In the method used in this dissertation, transit
times were measured at the innominate artery and the renal bifurcation along the aorta
and a time difference was calculated between the two sites. The distance between the two
sites divided by the transit time is the PWV. A shorter pulse transit time or higher PWV
indicates a stiffer artery.
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Diastolic Flow Fraction
Diastolic flow fraction at a given position along the aorta is the flow velocity of
the pulse wave in diastole. Although interpreted using different methods, the method used
in this dissertation calculated the percentage of the velocity-time integral that was under
the diastolic phase of the Doppler flow trace in the abdominal aorta at the renal
bifurcation (Figure 3). Decreased diastolic flow fraction is indicative of a loss of
Windkessel function and can be correlated with increased PWV.
Our method of diastolic flow fraction using the velocity-time integral is a unique
interpretation of the aortic flow wave. However, others have made similar calculations.
For instance, diastolic/systolic flow index, calculated as the percent ratio of diastolic
pulse height to systolic pulse height, is another way to measure the diastolic flow
(Hashimoto & Ito, 2013).

23

Figure 3. Diastolic flow fraction. The diastolic flow fraction is the percentage of the
aortic flow wave that is under diastole (inside the box in yellow dotted lines). This is
calculated by the percentage of the velocity-time integral of the aortic Doppler trace at
the renal bifurcation. A decrease percentage correlates with increased stiffness and is
indicative of a loss of Windkessel function.
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Reflective Wave
The waveform of blood flow in human arteries is triphasic, consisting of an
antegrade (forward) flow in systole, retrograde (backward) flow during early diastole,
and a secondary antegrade flow during late diastole (Heffernan, Lefferts, & Augustine,
2013). Increased retrograde shear is linked to endothelial dysfunction is considered proatherogenic. This is often measured in terms of late systolic flow velocity augmentation
in a given artery (Heffernan et al., 2013; Munir et al., 2008). Increased wave reflections
may be a result of vascular stiffening or arterial occlusion (Van Den Bos, Westerhof,
Elzinga, & Sipkema, 1976). One study published that excessive wave reflections in
patients hospitalized for acute heart predict post-discharge events (Sung et al., 2012).
Interestingly, altered wave reflections are observed when performing the Valsala
maneuver (Murgo, Westerhof, Giolma, & Altobelli, 1981a).
Although retrograde or reflective waves in the arteries have been under increasing
investigation, the understanding of their physiologic properties and significance in
disease remains incompletely understood. A related measure used in humans is the
central augmentation index, which measures the enhancement of aortic pressure by a
reflected pulse wave and is indicative of arterial stiffness. The augmented flow wave is
difficult to distinguish in a murine aortic Doppler trace, individual antegrade and
retrograde waveforms distinguishable. However, a way to measure the reflective wave, as
performed in this dissertation, is to measure the transit time from the EKG R-wave to the
intersection of the forward and reflective waves in the aorta at the innominate branch
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(Figure 4). A decrease in transit time may be related to increased stiffness, as presented in
Paper 1 of this dissertation.

Figure 4. Reflective wave. Pressure waves in the arteries move in both forward,
(antegrade) and backward (retrograde) directions. A shift to the left (indicated by the
yellow arrows) in the intersection between the antegrade and retrograde pulse waves, or
flow waves as measured by echo Doppler in this case, is related to increased arterial
stiffness. The flow waveforms in this figure were made in the aorta at the innominate
artery.
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Summary
The methods used to measure vascular stiffening explained thus far can be
performed in both animals and humans. Each method has advantages and disadvantages.
For example, biomechanics allows measurement of wall properties without active smooth
muscle contribution since it is performed ex vivo. Conversely, PWV are confounded by
contraction of the smooth muscle cells and alterations in blood pressure but are
nonetheless more physiologically relevant parameters. Moreover, other in vivo
parameters can be measured using ECHO Doppler such as diastolic flow fraction and
reflective wave, which can shed light on consequences of vascular stiffening such as loss
of Windkessel function and increased pressure load on the heart, respectively.
This dissertation used the in vivo methods of measuring vascular stiffening and
studied the effects of immune modulation on these parameters. In order to clarify the
purpose of these studies, the following sections explain the adaptive immune system and
its role in vascular stiffening and disease.

THE	
  ADAPTIVE	
  IMMUNE	
  SYSTEM 	
  
The adaptive immune system is the subset of the immune system that is named
after its ability to acquire memory against specific pathogens or antigens. Highly
specialized cells of the adaptive immune system, known as B- and T-lymphocytes,
perform this learning function. B-lymphocytes, produced and matured in the bone
marrow, participate in humoral immunity mediated by secreting antibodies. Tlymphocytes are produced in the bone marrow and mature in the thymus and primarily
27

participate in cell-mediated immunity. Once lymphocytes mature and migrate to the
peripheral lymphoid organs they can be in three different stages of differentiation: naïve
cells enter the lymphatic system but have yet to encounter their associated antigen;
effector cells have been activated by their associated antigen and are actively eliminating
a pathogen; memory cells survive long after encountering antigen.
Lymphocytes of the adaptive immune system are known to participate not only in
infections but also in autoimmunity and rejection of organ transplantations as well as in
non-immune functions like wound healing. In order to study the role of the adaptive
immune system in various disease models, transgenic mice are commonly used. Many of
these models entail manipulation of the gene recombination process of lymphocytes that
allows for antigen specificity of antibodies and T cell receptors. The gene segments that
go through the recombination process are known as the “variable” (V), “diversity” (D),
and “joining” (J) regions and the process is called V(D)J recombination. In addition to
accounting for the diversity of antigen recognition in the adaptive immune system, V(D)J
recombination is a critical checkpoint for immune system maturation. Deficient V(D)J
recombination leads to the arrest of B and T cell development and severe combined
immune deficiency (SCID).
Common mouse models of this condition entail the knockout of recombination
activating genes (RAG) 1 or 2, which prevents the development of the adaptive immune
system (de Villartay et al., 2003). RAG 1-/- mice have been used in this dissertation to
study the effect of the adaptive immune system, specifically T cells, in vascular stiffening.
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T Lymphocytes
T lymphocytes provide the immune system with the overall functions of directing
or regulating other immune cells or killing infected cells. T helper cells expressing the
CD4 surface molecule communicate with other cells and coordinate the immune response.
CD4+ T cells recognize antigens presented by major histocompatibility complex (MHC)
class II, which are generally extracellular and are on specialized antigen presenting cells.
Cytotoxic T cells expressing the CD8 surface molecule kill infected cells. CD8+ T cells
recognize antigens presented by MHC class I, which are intracellular antigens that can be
presented by virtually any nucleated cell.
Both cytotoxic and T helper cells express a T cell receptor that recognizes antigen
and localized with CD3, an identifying surface molecule of T cells. T cells are activated
by antigen presentation at the T cell receptor and a costimulation by activation of the
CD28 coreceptor. Cytokines also contribute to activation and are important for
differentiating T cells into a particular subset. More specifically, T helper cells are driven
into their subsets by their respective cytokines.
Understanding how T cells differentiate into functionally distinct T helper subsets
is important to develop effective therapy against various diseases. Although there are
many subsets of T helper cells, the most widely studied include T helper (Th)1, Th2,
Th17, and regulatory T cells (Tregs). These subsets cooperate or interfere with one
another in order to control different types of infections, autoimmunity, and malignancies.
Different subsets may be dominant in different conditions.
Th1 cells direct delayed type hypersensitivity, clear intracellular pathogens, and
activate macrophages. Their differentiation is activated by and they primarily release the
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cytokine interferon-γ and their phenotype is controlled by the master regulator
transcription factor Tbet. Th2 cells help mediate humoral immunity by regulating IgE
production, controlling eosinophilic inflammation, and clearing helminthic parasites. Th2
are regulated by the transcription factor GATA3 and are activated by and primarily
release IL-4 (Yamane & Paul, 2013). Th17 cells are classically induced in mice by TGFß in the presence of IL-6 and are characterized by the master transcription factor RORγt
and release of IL-17a (IL-17). Though Th17s originally seemed to be critical to enhance
host protection against extracellular bacteria and fungi, they have since been discovered
important perpetrators of autoimmune diseases such as autoimmune encephalomyelitis
(Korn, Oukka, Kuchroo, & Bettelli, 2007; WHITE & GROLLMAN, 1964). However,
Th17 is becoming more increasingly recognized as a heterogeneous subset, as certain
types have been found to exhibit more regulatory phenotypes (Esplugues et al., 2011).
Tregs
Tregs are the T helper subtype originally described as CD4+CD25+ T cells with
suppressive function (Sakaguchi, Sakaguchi, Asano, Itoh, & Toda, 1995). It was then
found that their suppressive function relies greatly on Foxp3, a transcription factor that
activates anti-inflammatory genes and suppresses pro-inflammatory genes depending on
its coupling with other transcription factors (Fontenot, Gavin, & Rudensky, 2003; Hori,
Nomura, & Sakaguchi, 2003; Khattri, Cox, Yasayko, & Ramsdell, 2003).
Tregs are activated by IL-2, which binds to the high-affinity CD25-containing IL2 receptor. Their differentiation is also induced by TGF-ß. Tregs suppress the
differentiation of a wide arrange of cell types including but not limited to CD4+ and CD8+
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T cells(Sakaguchi, Yamaguchi, Nomura, & Ono, 2008; Schmidt, Oberle, & Krammer,
2012).

THE	
  IMMUNE	
  SYSTEM	
  IN	
  VASCULAR	
  STIFFNESS	
  AND	
  HYPERTENSION	
  
Autoimmunity in hypertension began as a controversial field of research. It was
originally observed by White and Grollman (WHITE & GROLLMAN, 1964) that
hypertension occurring after renal injury in rats was accompanied by the presence of
autoantibodies against the kidney and could be inhibited by corticosteroids and
mercaptopurine. This led to the suggestion that the immune system interferes with
maintaining a normotensive state. Another study furthered the concept by adoptive
transfer of lymph node cells from rats with infarction of the kidney to recipient rats and
observed hypertension in the recipients (Okuda & Grollman, 1967).
More recently, studies have pointed to the role of T cells as the main perpetrators
of the immune system in vascular disease. Shao and colleagues were the first to show that
T cells are involved in Ang II-mediated hypertension by the observation that Ang II
disrupted the balances of T cell infiltrates in the kidney (Shao et al., 2003). Guzik et al
more recently added to this concept by exploring the role of T cells in Ang IIhypertension and vascular dysfunction (Guzik et al., 2007). Furthermore, another type of
vascular dysfunction, atherosclerosis, has been found to involve CD4+ T cells (Li, 2013).
A recent paper by the Harrison group described the role of inflammation and
mechanical stretch in aortic stiffening (Wu et al., 2014). They found chronic Ang II
treatment reduced aortic compliance as measured by stress-strain relationships ex vivo in
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wild type mice but not RAG 1-/- mice. Collagen deposition increased with Ang II
treatment in the wild type but not RAG 1-/- mice. T cells adoptively transferred to RAG 1/-

mice restored their stiffness values and collagen levels to wild type but no change was

seen with adoptive transfer of CD4+ or CD8+ T cells alone. They also found that mice
lacking the Th17 cytokine IL-17 also had reduced aortic stiffening (Wu et al., 2014). This
is supported by a previous study by the same group showing that IL-17 promotes
hypertension and vascular dysfunction (Madhur et al., 2010).
Wu and colleagues found that in vitro mechanical stretch induces expression of
collagens 1α1, 3α1, and 5α1 of aortic fibroblasts through p38 mitogen-activated protein
kinase (MAPK). Inhibition in vivo of p38 MAPK prevented Ang II-induced stiffening of
the aorta. Furthermore, they found that IL-17a induced collagen 3α1 expression through
p38 MAPK activation (Wu et al., 2014).
Based on this evidence, T cells have been found to play a role in Ang II-mediated
hypertension, vascular disease, and vascular stiffening. Although cytokine signaling may
manipulate vascular cellular mechanisms of growth and remodeling, more specific
mechanisms of T cell-mediated vascular remodeling remain to be found.

CLINICAL	
  EVIDENCE	
  OF	
  IMMUNITY	
  IN	
  VASCULAR	
  STIFFNESS	
  
In the past decade or so, more clinical investigations have been drawing a link
between arterial stiffness and immunity. For example, autoimmune conditions such as
systemic lupus erythematosis (SLE) can exhibit large-vessel manifestations. A study by
Selzer et al (2001) was the first to link SLE risk factors with increased aortic stiffness as
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measured by PWV (Selzer et al., 2001). In another study it was found that higher aortic
stiffness in SLE patients was associated with higher complement 3 levels, lower
leukocyte count, older age, higher insulin levels, and renal disease (Selzer et al., 2004).
Adding on, young rheumatoid arthritis patients (aged 21-34) had shorter aortic pulse
wave propagation time and therefore increased PWV and stiffness compared with agematched control patients (Yildiz, Soy, Kurum, & Ozbay, 2004). Interestingly, diastolic
blood pressure, mean blood pressure, and pulse pressure were not significantly different
between groups, indicating the importance of vascular stiffness as a predictive marker.
Furthermore, polymyositis and dermatomyositis, types of idiopathic inflammatory
myopathies, are autoimmune diseases associated with a higher risk of cardiovascular
disease. These patients exhibit increased arterial stiffness and carotid artery thickness
compared to healthy subjects (Vincze et al., 2014).
Arterial stiffness has also been associated with HIV, although results have been
highly variable. For instance, it was found that HIV-infected patients not receiving
treatment have higher PWV than age-, sex-, and blood pressure-matched control subjects
(Schillaci et al., 2008). Another study found the HIV-related conditions were not
associated with arterial stiffness, but this may have been due to the study group’s better
immunologic and virologic status (Echeverria et al., 2014). Another study measured
CD4+ and CD8+ T cells in patients expressing activation (CD38+HLA-DR) and
senescence (CD28-CD57+) markers in HIV-infected women (Kaplan et al., 2011). CD4+
T cell activation, CD8+ T cell activation and CD8+ T cell senescence was higher with
HIV infection. Higher levels of activated CD4+ T cells were related to decreased carotid
artery distensibility and heightened Young’s modulus. Moreover, both CD4+ and CD8+
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senescent T cells also were related to decreased distensibility of the arteries. These data
suggest that both T cell activation and senescence lead to structural or functional changes
in the vasculature, causing arterial stiffness.
Inflammatory markers have also been linked to arterial stiffness in primarily
cardiovascular conditions. One study found a positive correlation between the severity of
systemic inflammation and arterial stiffness in these patients with acute ischemic stroke
(Tuttolomondo et al., 2010). Increasing PWV was related to upregulated plasma Creactive protein, von Willebrand factor (vWF), IL-6, IL-1ß, and TNFα levels.
Augmentation index correlated with IL-6, TNF-α, and vWF. In another study by the
same group it was found that patients who had metabolic syndrome in addition to acute
ischemic stroke had higher levels of plasma inflammatory markers and arterial stiffness
indexes than patients with acute ischemic stroke alone (Tuttolomondo et al., 2014).

REGULATORY	
  T	
  CELLS	
  REDUCE	
  ANG	
  II-‐INDUCED	
  TARGET-‐ORGAN	
  DAMAGE	
  
Tregs limit target-organ damage in mouse models of Ang II-induced hypertension.
Several studies have performed adoptive transfer of Tregs into the Ang II mouse model
and have found similar effects in the heart and the vasculature, among other organs
(Barhoumi et al., 2011; Kvakan et al., 2009; Matrougui et al., 2011).
Kvakan et al (2009) found that Tregs reduce Ang II-mediated cardiac hypertrophy
and fibrosis and reduce expression of left-ventricular brain natriuretic peptide (BNP)
mRNA expression. Furthermore, Tregs reduce Ang II-induced electrical remodeling of
the heart, as shown by connexin 43 gap junction protein expression and decreased
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inducibility of arrhythmias. Connexin 43 is normally found at the intercalated disk
regions in cardiomyocytes but in Ang II-mice it is found at the lateral borders of
cardiomyocytes. Mice receiving Tregs show reduced connexin 43 localization, indicating
reduced pathology in electrical remodeling (Kvakan et al., 2009). These cardiac effects of
Tregs are associated with less cardiac infiltration of CD4+, CD8+, CD69+ (an early
activation marker), and macrophage cells. Furthermore, Ang II-induced TNF-α is reduced
in the heart (Kvakan et al., 2009; Matrougui et al., 2011).
In addition to cardiac effects, Tregs block Ang II-induced vascular stiffness of the
resistance mesenteric arteries by preventing a shift to the left in the stress-strain curves.
This occurs without any significant changes to the media:lumen ratio or cross-sectional
area of these arteries (Barhoumi et al., 2011). The endothelial-dependent relaxation
(EDR) response to acetylcholine is reduced in coronary arterioles from Ang II-treated
mice and the nitric oxide pathway is compromised in these mice, as evidenced by
reduced phosphorylation of eNOS. Tregs reverse these effects (Matrougui et al., 2011).
Similar observations of EDR are seen in the mesenteric arteries, which are also
modulated by nitric oxide, as seen with L-NAME inhibition (Barhoumi et al., 2011). A
protective mechanism investigated includes Treg amelioration of Ang II-induced
oxidative stress as measured by reduced NADPH oxidase activity in the aorta and the
heart and reduced superoxide-induced dihydroethidium fluorescence in the aorta
(Barhoumi et al., 2011).
Lower expression of inflammatory markers is seen in the vasculature with Treg
treatment. Tregs reduce Ang II-induced expression of VCAM-1 in the mesenteric arteries
and reduce expression of VCAM-1 and ICAM-1 in the coronary arterioles (Barhoumi et
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al., 2011; Matrougui et al., 2011). Macrophage infiltration is reduced in both the coronary
arterioles and the aorta and T cell infiltrates are reduced in the aortic adventitia and
surrounding fat (Barhoumi et al., 2011; Matrougui et al., 2011). These results are
supported by reduced expression of the chemokine receptor, CCR5, in the coronary
arterioles (Matrougui et al., 2011).
Further immune effects of Treg adoptive transfer include reduced plasma levels of
Ang II-induced pro-inflammatory cytokines IFN-γ, IL-6, and TNF-α (Barhoumi et al.,
2011). This is accompanied by increased levels of the anti-inflammatory IL-10 in mice
receiving Tregs (Matrougui et al., 2011). Furthermore, adoptive transfer of Tregs reduces
the number of Ang II-activated or effector memory T lymphocytes (Kvakan et al., 2009).
Kvakan et al sought to determine the direct effects of Ang II on Tregs. They
found that in vitro stimulation by Ang II did not influence the suppressive activity of
Tregs. However their study revealed that the number of Tregs decreases with Ang II
treatment in vivo. Moreover, in vitro stimulation with Ang II increases the number of
apoptotic CD4+ CD25+ Tregs (Kvakan et al., 2009). These results suggest that Ang II acts
directly on Tregs by reducing their number without affecting their suppressive activity.
Treg effects on Ang II-induced hypertension differ. Some investigators have
found a complete (Barhoumi et al., 2011) or partial (Matrougui et al., 2011) reduction of
Ang II-induced hypertension with Treg administration. Another study found sustained
hypertension with Treg adoptive transfer, indicating that cardiac protection was blood
pressure independent (Kvakan et al., 2009). The authors of these studies suggest that
differences in administration of Tregs, strains of mice, and dose of Ang II may have
caused these discrepancies.
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In addition to Ang II, Tregs have also been found to have benefits in other models
of cardiovascular disease. One report found similar ameliorative effects of Tregs in an
aldosterone model of hypertension (Kasal et al., 2012). Another study found adoptive
transfer of Tregs to suppress cardiac fibrosis in a model of aortic constriction (Kanellakis,
Dinh, Agrotis, & Bobik, 2011).
Speculation of how Tregs mechanistically ameliorate vascular remodeling and
hypertension let Kassan and colleagues to investigate the role of the primary antiinflammatory cytokine released by Tregs, IL-10 (Kassan, Galan, Partyka, Trebak, &
Matrougui, 2011). IL-10 KO mice were used to investigate endothelium dependent
relaxation to acetylcholine in mesenteric resistance arteries and it was found that these
mice had significantly reduced EDR to acetylcholine. Moreover, an anti-IL-10 antibody
and an IL-10 receptor antagonist prevented the improvement of acetylcholine-relaxation
response to mesenteric arteries incubated in conditioned media from Tregs. Furthermore,
IL-10 itself acted as a very weak relaxing factor in vitro and IL-10 treatment in vivo
lowered blood pressure in hypertensive mice but not to control levels.
Unexpectedly, Barhoumi and colleagues found that Ang II increased the antiinflammatory plasma IL-10 and Tregs reversed this effect (Barhoumi et al., 2011). They
postulated that IL-10 may be expressed to moderate the expression of inflammatory
cytokines and cited increased IL-10 levels in patients with heart failure after acute
myocardial infarction and in dilated cardiomyopathy.
Whether Tregs solely act in Ang II-vascular disease by secreting IL-10 or another
mechanism has yet to be established. Whether Tregs actually function in the vasculature
or heart or peripherally in the draining lymph nodes is still not clear. If antigen-specific
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Tregs adoptively transferred in Ang II disease would act more potently to ameliorate
target organ damage is also not clear, as the antigens involved in the disease are not
known.

THE	
  IL-‐2/ANTI-‐IL-‐2	
  ANTIBODY	
  IMMUNE	
  COMPLEX	
  AS	
  A	
  NOVEL	
  METHOD	
  TO	
  STIMULATE	
  
TREGS	
  
IL-2 is mostly produced by CD4+ T helper cells under steady-state conditions.
However, small amounts are also produced by CD8+ T cells, natural killer cells, and
natural killer T cells. Following antigen activation, T cells produce higher levels of IL-2,
although more by CD4+ than CD8+ T cells. Though activation initially leads to increased
transcription of IL-2, causing immune activation of these cells, prolonged activation leads
to IL-2-mediated suppression mechanisms, either through cell-intrinsic negative feedback
of IL-2 transcription via transcription factors like B lymphocyte-induced maturation
protein 1 or activation of Tregs (Boyman & Sprent, 2012).
IL-2 receptors can consist of up to three subunits: IL-2Rα (CD25), IL-2Rβ
(CD122), and IL-2Rγ (CD132). Receptors can exist as low affinity dimers or high
affinity trimers. Low affinity dimers consist of the β and γ subunits and are present in
high numbers on memory CD8+ T cells and NK cells and in low numbers on naïve CD8+
T cells and memory CD4+ T cells. These cells are thought to be unresponsive to low
physiological levels of IL-2 but are sensitive to exogenous administration. The trimeric
receptor additionally contains the α subunit, CD25. Although CD25 does not appear to
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contribute to signaling, it increases the affinity of the receptor for IL-2 by 10- to 100-fold
(Boyman & Sprent, 2012).
Different monoclonal antibodies to IL-2 exhibit different proliferative effects on
different types of immune cells, as described by Boyman and colleagues (Boyman, Kovar,
Rubinstein, Surh, & Sprent, 2006). Although mechanisms are not completely understood,
it is thought that each antibody blocks a specific binding site of IL-2 to a particular
subunit of the IL-2 receptor and drives the pharmacological action of IL-2 to the cells
expressing the corresponding receptor type. The S4B6 antibody is thought to block the
CD25 subunit, causing selective binding to CD25-CD122hi cells, such as CD8+ T cells
and NK cells. The JES6-1 antibody, on the contrary, is thought to blocks a different IL-2binding site, likely CD122, and therefore stimulates proliferation of CD25 -expressing
Tregs.
Since the discovery of the JES6-1 monoclonal antibody-complex, multiple studies have
investigated its use in a variety of inflammatory and autoimmune disease states. IL2/mAbCD25 has been found to have beneficial effects in animal models of autoimmune
encephalomyelitis and acceptance of islet allografts (Webster et al., 2009). The IL2/mAbCD25 complex has also been found to reduce the development and progression of
atherosclerosis (Dinh et al., 2012) as well as collagen induced arthritis (S. Y. Lee et al.,
2012). The effects of the IL-2/mAbCD25 complex may show benefits in other autoimmune
conditions and as therapy post transplantation.

39

EXPLANATION	
  OF	
  THE	
  DISSERTATION	
  FORMAT	
  
This dissertation investigates the role of the adaptive immune system in vascular
stiffening. Chapter I provided a review of the current literature regarding vascular
stiffness and the immune system in cardiovascular disease. It also provided background
of the methods used in our studies entailing measures of vascular stiffness and
immunologic manipulation.
Chapter II summarizes the two studies included in this dissertation. The appendix
of this dissertation contains the full research papers formatted for publication. Finally,
Chapter III provides a general discussion of the data found in these studies and future
perspectives related to the greater impact of this research.
The overall objective of these studies is to investigate the contribution of the
adaptive immune system to vascular stiffening. The general hypothesis is that deletion or
suppression of the adaptive immune system by a genetic knockout or pharmacologic
agent, respectively, will reduce vascular stiffness. In the studies themselves, the same
mouse model of arterial stiffening was used of chronic Ang II infusion in a subcutaneous
osmotic mini-pump at 490 ng/kg/min for up to three weeks. Stiffness was measured in
both studies using PWV by aortic flow Doppler measurements. Effective wall stiffness
and Young’s modulus were estimated from the PWV and histological wall thicknesses.
Investigational use of novel parameters of stiffness, diastolic flow fraction and reflective
wave, was performed in one of these studies (Paper 1/Appendix A).
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CHAPTER	
  II:	
  PRESENT	
  STUDY	
  	
  
SUMMARY	
  OF	
  PAPER	
  1:	
  FUNCTIONAL	
  AORTIC	
  STIFFNESS:	
  ROLE	
  OF	
  CD4+	
  T	
  LYMPHOCYTES	
  
In this study, we assessed the effect of changes in blood pressure and extracellular
matrix remodeling by collagen deposition as they contribute to in vivo measurements of
vascular stiffness. Adaptive immune function is implicated in the pathogenesis of
vascular disease so we assessed stiffness in C57BL/6J wild type (WT) and RAG 1-/immunodeficient mice. Ang II was infused for 21 days at 490 ng/kg/min and blood
pressure as measured by tail cuff was heightened in both strains of mice. However,
hypertension was significantly lower in the RAG 1-/- mice by 14 days of treatment.
Ang II infusion increased aortic stiffness as measured by PWV in WT mice over
21 days. This was supported by calculations of estimated wall stiffness and effective
Young’s modulus, which increased over the 21-day treatment of Ang II in the WT but not
in the RAG 1-/- mice. This difference in aortic stiffness between the two strains was
supported by differing histomorphological changes. WT mice exhibited a significant
increase in medial thickness by 14 days, an effect that was reduced in the RAG 1-/- mice.
The adventitial thickness increased significantly by day 21 in the WT mice but did not
change in the RAG 1-/- mice. Collagen levels increased in WT mice but showed no
significant changes in the RAG 1-/- mice. These results indicate that aortic remodeling is
significantly reduced in RAG 1-/- in response to chronic Ang II infusion.
In order to account for the Ang II-mediated effects of vasoconstriction and
increased blood pressure on PWV, we removed the subcutaneous osmotic pumps infusing
Ang II after 21 days of treatment in WT mice. Throughout the 7 days after pump removal
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in the WT mice, PWV decreased but remained significantly elevated above baseline
values. This indicates that the PWV measurement of aortic stiffness is not solely
dependent on the direct vasoconstrictor effects of Ang II or heightened blood pressure.
Since RAG 1-/- mice lack an adaptive immune system that includes CD4+ T helper
cells, we investigated whether adoptive transfer of CD4+ lymphocytes could restore
vascular stiffness in response to Ang II. CD4+ T cells did not significantly alter blood
pressure in RAG 1-/- mice or the morphometry of the aorta. However, PWV increased
significantly by 14 days in the mice receiving CD4+ lymphocytes.
All in all, we have shown that vascular stiffness does not increase in response to
Ang II in RAG 1-/- mice despite an increase in blood pressure. Adoptive transfer of CD4+
T cells restores the Ang II-mediated increase in aortic stiffness. Our results support the
role of the adaptive immune system and CD4+ T cells in the development of vascular
stiffness and show a disparity in the role of blood pressure regulation of vascular stiffness.

SUMMARY	
  OF	
  PAPER	
  2:	
  INTERLEUKIN-‐2/ANTI-‐INTERLEUKIN-‐2	
  IMMUNE	
  COMPLEX	
  EXPANDS	
  
REGULATORY	
  T	
  CELLS	
  AND	
  REDUCES	
  ANGIOTENSIN	
  II-‐INDUCED	
  AORTIC	
  STIFFENING
Inhibition of T-lymphocyte function has been shown to reduce hypertension,
target-organ damage and vascular stiffness. Moreover, the novel cytokine immune
complex of IL-2 and anti-IL-2 monoclonal antibody clone JES6-1 (IL-2/mAbCD25) has
been shown to selectively stimulate CD4+CD25+Foxp3+ regulatory T-cells (Tregs),
resident immune inhibitory cells. To study the role of Tregs on vascular stiffness, we
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stimulated the proliferation of Treg lymphocytes in vivo with repeated injections of IL2/mAbCD25 concomitantly with infusion of Ang II in C57BL/6J mice.
The IL-2/mAbCD25 complex effectively induced Treg phenotype expansion in the
spleens with minimal effects in total CD4+ and CD8+ T-lymphocyte numbers. The IL2/mAbCD25 complex inhibited Ang II-mediated vascular stiffening, as measured by PWV,
calculated wall stiffness, and effective Young’s modulus. Aortic remodeling was also
reduced, as measured by histological collagen deposition and collagen gene expression.
This was related to decreased gene expression of infiltrate markers for T cells (CD3) and
macrophages (F4/80) as well as the cytokine IL-17. This was accompanied by IL2/mAbCD25 complex-mediated suppression of Ang II-induced Th17 responses in spleen.
Interestingly, Ang II-induced hypertension was not reduced by the IL-2/mAbCD25
complex as measured by tail cuff, indicating that vascular protection was blood pressureindependent.
This study supports the protective roles of Tregs in vascular stiffening and
highlights the use of the IL-2/mAbCD25 complex as a new potential therapy in Ang IIrelated stiffness and vascular disease.
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CHAPTER	
  III:	
  GENERAL	
  DISCUSSION	
  AND	
  PERSPECTIVES	
  
Our study entitled “Functional Aortic Stiffness: Role of CD4+ T Lymphocytes”
showed that Ang II-mediated aortic stiffening, as measured by in vivo pulse wave
velocity (PWV), is dependent upon the adaptive immune system. These results are in
support of those found recently by the Harrison group, who showed that Ang II-induced
aortic stiffness is reduced in RAG 1-/- mice as shown with ex vivo stress-strain
relationships (Wu et al., 2014). Our finding of reduced stiffness in the RAG 1-/- immunodeficient mice corresponded to reduced vascular remodeling as seen by reduced
medial and adventitial hypertrophy and collagen deposition in the RAG 1-/- aortas
compared to WT mice.
It was important in our study to remove the osmotic pumps releasing chronic Ang
II since our measurement of stiffness was in vivo. We wanted to know if the increase in
PWV seen during chronic administration of Ang II was indeed due to remodeling and
stiffening of the aortic wall or as a consequence of smooth muscle contraction and/or
heightened blood pressure. By removal of the Ang II stimulus we found that blood
pressure reduced to normal values but stiffness remained above baseline values,
indicating that at least a portion of the PWV increase is indeed due to structural and/or
material remodeling of the arterial wall.
Nonetheless, PWV dropped one day after removal of the Ang II stimulus despite
remaining elevated over control. This drop may indicate that part of the increase in PWV
is due to the active vasoconstrictive effects of Ang II and while the part is due to an
increase in stiffness caused by vascular remodeling. However, PWV does not change in
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RAG 1-/- mice despite the apparent increase in blood pressure. If PWV is partially
dependent on vasoconstriction and heightened blood pressure, then why do the RAG 1-/mice not exhibit at least a minor increase in PWV in response to chronic Ang II?
Moreover, why does the PWV remain at control values despite with some aortic
remodeling in the RAG 1-/- mice? Weisbrod and colleagues observed in their rodent
model that aortic stiffening occurs prior to and therefore independently of hypertension
(Weisbrod et al., 2013). Although this point could be extended to our study, speculating
that hypertension and PWV are independent in our mouse model, this is an area of
investigation that will need to be studied in future.
Wu and colleagues asked a slightly different question but also an important one
(Wu et al., 2014). They sought to determine if the increase in aortic stiffness was due to
Ang II’s cellular effects of hypertrophy and fibrosis of the aorta or if it was indirectly due
to Ang II’s effects on heightened blood pressure and therefore mechanical stress on the
arterial wall. They found that by reducing Ang II-induced blood pressure to normal
values by concomitant administration of hydralazine and hydrochlorothiazide that aortic
stiffening was prevented. From this they concluded that blood pressure elevation alone
might contribute to aortic stiffening. Hydralazine is often used experimentally as a bloodpressure lowering agent in order to exclude the effects of heightened blood pressure in a
given study. However, it has been shown that hydralazine acts as an antineoplastic agent
by inhibition of DNA methyltransferases (Graca et al., 2014). This effect of hydralazine
could very likely inhibit the cellular hypertrophy and remodeling stimulated by Ang II, a
possibility that cannot be ignored and warrants future investigation.
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A conflicting finding of our study compared with that of the Harrison group was
that they adoptively transferred CD4+ T cells into RAG 1-/- mice and found no increase in
collagen deposition or aortic stiffness (Wu et al., 2014). However, our adoptive transfer
study did find an eventual increase in aortic stiffness by 14 days as shown with PWV but
did not find an eventual difference in aortic histomorphometry.
Reasons for these differences could be attributed to our differences in
methodology. Our CD4+ cell isolation methods differed and we transferred 2 x 107 cells
into each RAG 1-/- mouse while Harrison’s group transferred half that number. We
started Ang II treatment 2 weeks after adoptive transfer while Harrison’s group did so 3
weeks after adoptive transfer, leading to a possible earlier burnout of their cells. Finally,
our method for measuring stiffness was by PWV in vivo while Harrison’s was
mechanical stress-strain analysis ex vivo.
It should be noted that when Harrison’s group adoptively transferred pan T cells
they did see an increase in stiffness in the RAG 1-/- mice accompanied with an increase in
remodeling (Wu et al., 2014). They concluded that both CD4 and CD8 cell types are
necessary for complete vascular remodeling. Our study supports this conclusion, as
adoptive transfer of CD4+ lymphocytes did increase PWV in RAG 1-/- but did not restore
it to WT levels and did not change collagen levels or histological remodeling. It would be
interesting to see what the changes in PWV would look like in RAG 1-/- mice with
adoptive transfer of pan T cells and also CD8+ T cells using our methods.
After finding that deletion of the adaptive immune system using RAG 1-/- mice
prevented the development of vascular stiffening, we sought to determine if inhibiting an
intact immune system would produce similar results. We therefore stimulated Tregs in an
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Ang II model of vascular stiffness in our paper entitled “Interleukin-2/Anti-Interleukin-2
Immune Complex Expands Regulatory T Cells and Reduces Angiotensin II-Induced
Aortic Stiffening”.
Indeed we found that stimulation of Tregs using the novel IL-2/anti-IL-2 immune
complex (IL-2/mAbCD25) prevented the Ang II-induced increase in vascular stiffness in
WT mice. Despite no increase in PWV in mice receiving both Ang II and IL-2/mAbCD25,
some histological remodeling still occurred as evidenced by increased medial thickness.
Collagen content in the adventitia, however, was reduced in mice receiving the IL2/mAbCD25 complex, as supported by reduced collagen gene expression. It is possible, as
seen with Ang II infusion in the RAG 1-/- mice, that collagen deposition in the aorta
rather than smooth muscle hypertrophy in the medial layer is the primary contributing
factor to vascular stiffness. Studies of collagen content using hydroxyproline assays and
mass spectrometry will be useful in validating these findings.
Interestingly, the Ang II-mediated increase in lysyl oxidase (LOX) and elastin
gene expression did not decrease with the addition of IL-2/mAbCD25. Although gene
expression is not an indicator of actual enzyme content or activity, it could be possible
that collagen content contributes more to Ang II-induced vascular stiffening than LOXmediated crosslinking of collagen. In support of this hypothesis, a study published by
Chen and colleagues found that in a mouse model of obesity increased arterial stiffness
measured by PWV was associated with decreased LOX activity (Chen et al., 2013).
Furthermore, the Ang II-induced increase in elastin gene expression was not attenuated
by IL-2/mAbCD25 treatment. This could possibly be related to LOX control of the elastin
promoter (Oleggini, Gastaldo, & Di Donato, 2007).
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We found that the IL-2/mAbcCD25 complex did not reduce the Ang II-induced
increase in blood pressure. While two groups showed a significant decrease in
hypertension with adoptive transfer of Tregs (Barhoumi et al., 2011; Matrougui et al.,
2011), one group showed no change (Kvakan et al., 2009). One possible reason for this
is the difference in the relative dose of Ang II to Tregs. While Kvakan and colleagues
performed a single injection of Tregs, the other two groups performed multiple injections.
Nonetheless, the sustained hypertension found in the study by Kvakan et al indicated that
cardiac protection is blood pressure independent. Therefore, high blood pressure is not
the sole factor in that pathology of target organ damage and in the case of our study,
vascular stiffening.
In our study we found that Ang II reduced the percentage of Tregs induced by IL2/mAbCD25. This may be supported by the observations found by Kvakan and colleagues
that Ang II depletes Tregs by increasing the number of apoptotic Tregs (Kvakan et al.,
2009).
We have not shown potential off-target effects of IL-2/mAbCD25 and a concern
might be that an off target effect other than Treg stimulation could be reducing the Ang
II-induced vascular stiffness. While this is an important point, the induction Tregs by the
IL-2/mAbCD25 complex is a very well established phenomenon that has shown functional
consequences in multiple autoimmune conditions (Boyman & Sprent, 2012; Webster et
al., 2009). One example most closely related to our study is a report that found that IL2/mAbCD25 both expands Tregs and attenuates atherosclerosis (Dinh et al., 2012).
Nonetheless, an interesting experiment to investigate this in the future could involve coadministration of a Treg-depleting agent, such as anti-CD25, with the IL-2/mAbCD25 and
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note its effects on vascular stiffening. However, as CD25 is not solely expressed on Tregs,
depletion of CD25 may not be specific to Tregs.
The mechanism of how Tregs ameliorate vascular remodeling still needs to be
established. One hypothesis is that accumulation of Tregs in the arteries or target organs
directly prevents remodeling and fibrosis. However, we were not able to detect
significant levels Tregs in the vasculature with immunohistochemistry or PCR, similar to
the findings of Kvakan and colleagues (Kvakan et al., 2009). Barhoumi et al found that
Foxp3 levels were not significantly expressed in the aorta but this group examined its
expression in the renal cortex, where Ang II decreased the level of Foxp3+ cells and Treg
adoptive transfer reversed this effect. Interestingly, Tregs did not reduce Ang II-induced
macrophage infiltration in the renal cortex, as measured by MOMA-2 expression
(Barhoumi et al., 2011).
Despite studies showing immune infiltrates in the vasculature, we still do not
know the in vivo connection between the effects of Ang II, Tregs, other T cells and
vascular stiffening. Although specific immune cytokines such as IL-17 have been
implicated in the pathogenesis of vascular remodeling and stiffening, as supported by our
study, we do not know specifically how Ang II activates their release by T cells.
Tregs suppress the immune system and its ability to fight infections and cancers.
It will be important when considering therapeutics that stimulate Tregs, such as the IL2/mAbCD25 complex, to achieve desired therapeutic effect, such as reduced vascular
stiffness, but avoid these unwanted side effects. Nonetheless, striking a balance with
immunosuppressant therapeutics will be challenging.
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In summary, we have shown that RAG 1-/- mice lacking an adaptive immune
system have reduced aortic stiffness in response to Ang II. Furthermore, we have shown
that CD4+ T cells are able to restore stiffness, indicating that these cells help mediate Ang
II-induced vascular stiffening. We have also shown that stimulation of Tregs by the IL2/mAbCD25 complex inhibits Ang II-mediate vascular stiffness in immunocompetent mice.
In addition to parameters of PWV, we have shown that diastolic flow fraction and
reflective wave are related to vascular stiffening in these models. Our results have
important clinical implications as vascular stiffening is considered a predictor and cause
of a wide array of diseases. By limiting vascular stiffening with immune-therapies, the
onset or progression of these diseases could be prevented.
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Abstract
Vascular stiffening is associated with a wide array of medical conditions
including hypertension, atherosclerosis, heart failure, stroke, renal dysfunction, and
dementia. Importantly, arterial stiffness has a predictive value for cardiovascular events.
Therefore, the understanding the altered flow dynamics caused by aortic stiffness aids in
the conceptualization of the mechanisms of vascular remodeling as well as end-target
organ damage. The immune system has been found to play a role in vascular remodeling
and stiffening. We used an angiotensin II-model of vascular stiffening in normal male
C57BL/6J and immune-deficient RAG 1-/- to study the role of the immune system in in
vivo measures of vascular stiffening. Chronic angiotensin II increased in pulse wave
velocity in wild type mice but caused no change in the RAG 1-/- mice. The angtioensin IImediated increase in calculated wall stiffness and effective Young’s modulus was
prevented in the RAG 1-/- mice. Other parameters of diastolic flow fraction and reflective
wave transit time decreased in the wild type mice but not in the RAG 1-/- mice. This was
supported by blunted histological remodeling and collagen deposition in the RAG 1-/- mice. Adoptive transfer of CD4+ T helper lymphocytes restored the angiotensin IImediated aortic stiffening in the RAG 1-/- mice. This study addresses the role of the CD4+
T-lymphocyte in the angiotensin II-mediated development of vascular stiffness while
utilizing in vivo flow wave Doppler methods to describe functional arterial stiffness. We
have focused on increased large arterial stiffness and the accompanying accelerated wave
reflections, which are well accepted as functional determinants of increased systolic and
pulse pressures.
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Introduction
Progressive aortic stiffening predisposes individuals to cardiac, cerebral, and renal
dysfunction1-4. A mechanism of injury suggests that arterial stiffening increases pulsatile
flow and pressure patterns, thereby injuring the microvasculature of highly perfused
organs, particularly the brain and kidneys. In addition, stiffening causes the incident and
reflected flow and pressure waves to travel faster, leading to early return of the reflected
waves that functionally cause increased left-ventricular afterload and eventually diastolic
dysfunction. Due to the wide array of diseases attributed to this vascular condition, there
is a recognized clinical need to investigate the pathogenesis of arterial vascular stiffening
and to provide research lines that will reduce the disease burden caused by vascular
stiffness.
Functional or effective arterial stiffness is determined in the human primarily with
pulse wave velocity (PWV) and in the rodent models with ex vivo stress/strain
determination. The in vivo PWV measurements blend the effects of vascular pressure,
vascular smooth muscle (VSMC) tone, pre-strain, and diameter with the material
composition of the extracellular matrix (ECM) in the determination of vascular stiffness.
Conversely, ex vivo measurements using sequential biaxial loading generally only include
the passive biomechanical properties that relate to ECM material composition. However
it has been recently noted that the VSMCs play an active role in and are integral
regulators of aortic stiffness which is generally not characterized in the experimental
models using ex vivo biomechanical analyses5. Thus both accepted methods of assessing
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vascular stiffness using in vivo PWV and ex vivo biaxial biomechanics provide
descriptive data regarding vascular stiffness but are limited in their ability to differentiate
VSMC contribution separately from the ECM biomaterial composition to vascular
stiffness.
VSMC responses to angiotensin II (Ang II) infusion are independent of adaptive
immunity. However, the ECM material composition and function is dependent upon the
competence of the adaptive immune system. Furthermore, the adaptive immune system
has been shown to be an important component of Ang II-related vascular disease. RAG 1/-

mice, lacking T and B cells, have been shown to exhibit blunted responses to Ang II in

hypertension, vascular remodeling, and vascular stiffness6,7.
T cells have been shown to increase vascular remodeling in RAG 1-/- mice and
stiffness as measured by ex vivo stress-strain relationships7. We sought to confirm these
findings in a clinically relevant method of measuring stiffness, PWV. We also
investigated the diastolic flow fraction and reflective wave propagation of the aortic flow
Doppler to further characterize the effects of stiffening on arterial function. In this study,
we assess the effect of changes in blood pressure and ECM remodeling by collagen
deposition as they contribute to in vivo measurements of vascular stiffness. Moreover, we
show specifically that CD4+ T cells mediate vascular stiffening.

Methods
Animals
C57BL/6J, RAG 1-/-, CD8-/- male 8-week old mice were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). All of mice used in this study were of C57BL/6J
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background. This study was approved by the University of Arizona Animal Care
Committee and conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85-23, revised
1996). All the mice were maintained in the animal facility of the University of Arizona
and fed with NIH-31 Modified Open Formula Mouse/Rat Sterilizable Diet from Harlan
Laboratories. The mice were treated with [Val5]angiotensin II (Ang II) (Sigma-Aldrich)
at 490 ng/min/kg via subcutaneously implantable osmotic pumps (model 1004; Alzet,
Palo Alto, Calif., USA). The mice were then monitored for up to 21 days of Ang II
infusion until sacrifice.
Tail cuff
All mice were trained with the tail cuff system (Hatteras Instruments, Cary, North
Carolina) and data were recorded for days 0, 7, 14, and 21. Tail cuff measurements were
performed with the mice on a heated platform. Blood pressure values were recorded from
an average of 10 consecutive measurements with standard deviation lower than 10.
Telemetry
For implantation of the telemetry device (Data Sciences International, New Brighton,
MN), mice were anesthetized with 1.5% isofluorane. The pressure-sensing catheter was
implanted through the left carotid artery and the transponder was positioned
subcutaneously in the right flank. Mice were allowed to recover for 10 days before
measurements were made. Continuous daily blood pressure values were recorded and an
average of 24 hours was reported.
Pulse wave velocity measurements of aortic stiffness
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Recent studies have used the blood flow wave velocity to measure PWV8,9. We therefore,
used noninvasive ECHO Doppler measurements of pulse wave velocity (PWV) with the
Vevo 770 using a 45-MHz Doppler probe with a 12.7-mm focal distance (Visual Sonics).
Mice were anesthetized with 1.3% isoflurane and imaged in the supine position while
secured to heated platform with continuous electrocardiogram (EKG) monitoring. Heart
rate was kept between 340 to 360 beats per minute. Due to the explicitly identifiable
anatomical locations of the innominate artery and the abdominal aorta at the proximal
renal artery bifurcation, these two points were used for defining the transit time
difference with respect to the ECG R-wave. The distance between the innominate and
renal arteries was measured under direct view with ex vivo dissection and divided by the
transit time difference to compute the PWV.
Diastolic flow fraction and reflective wave
Diastolic flow fraction was calculated as the percentage of the velocity-time integral of
Doppler trace of the aortic flow wave in diastole. Reflected flow waves have the same
shape as the pressure waves but are 180o out of phase10. We measured the distance from
the EKG R-wave to the initial beginning of the innominate lower extremity flow wave11
and presented it as the transit time of the reflective wave (ms).
Estimation of wall mechanical properties
The Moens-Korteweg equation for pulse wave velocity, c, is stated as
c=(Eh/2Rr)1/2

Formula 1

where E is the Young’s modulus, h is the wall thickness, r is the density of blood, and R
is the vessel radius. In order to calculate wall stiffness, Eh, from a given pulse wave
velocity, the Moens-Korteweg equation was rearranged:
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Eh=2Rrc2

Formula 2

The Young’s modulus, E, was then deduced using the data on wall thickness, h
(including aortic intima, media, and adventitial thickness). Because the arterial wall
structure is highly heterogeneous, the values of Eh and E obtained by this method
represent effective values for overall wall properties.
Perfusion fixation and histological staining
Before perfusion fixation, mice were injected with 100 µl of 1,000 USP units/ml Heparin
sodium. 30 mL of saline was infused to remove vascular blood, followed by the
administration of 2:1 3% glutaraldehyde:1%formaldehyde solution at a constant
perfusion pressure of 40 mmHg for 15 min. Aortic tissues were paraffin embedded, cut at
5 µm, and stained with Masson’s Trichrome and Picrosirius red for morphology and
collagen assessment.
T cell isolation and adoptive transfer
Enriched T cells were isolated from spleens and lymph nodes of CD8-/- with C57BL/6
background mice using red blood cell lysis buffer followed with IgG panning. Flow
cytometry was used to confirm the purity of CD4+ cells. 2x107 isolated CD4+ T cells
were injected intraperitoneally into each RAG 1-/- mouse two weeks prior to Ang II
administration.
Flow cytometry
Subsequent to isolation of splenic lymphocytes with red cell lysis buffer, lymphocytes
were stained with cell surface antibodies. Efluor 450-conjugated anti-CD3, APCconjugated anti-CD19, Efluor450-conjugated anti-CD4 and FITC-conjugated anti-CD8a
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were purchased from eBioscience. The BD LSR II with BD FACSDiva software was
used to analyze data.
Statistics
All data are reported as means ± SEM. Comparisons among the defined groups were
analyzed by one-way ANOVA, followed by Tukey multiple comparisons tests using
GraphPad Prism. For the comparison of treatment groups over time, repeated measures
ANOVA were used with Mauchly’s Test of Sphericity, and when this assumption was
not met, results were reported based on the Greenhouse-Geisser F test. A P-value of less
than 0.05 was considered statistically significant.

Results
Aortic stiffness is reduced in RAG 1-/- mice
We determined if immune-deficient RAG 1-/- mice lacking mature T- and Blymphocytes would demonstrate aortic vascular stiffness comparable with that of strainmatched immune-competent mice. Central aortic stiffness was measured by PWV in WT
and RAG 1-/- mice. Baseline PWV values were similar in WT and RAG 1-/- mice (2.3 ±
0.4 versus 2.6 ± 0.3 m/s). With chronic Ang II infusion, PWV increased in WT mice to
6.5 ± 0.6 m/s by day 21 but no increase in PWV was detected in the RAG 1-/- mice
(Figure 1A). Similarly the calculated effective wall stiffness (Eh) increased in the WT but
not in the RAG 1-/- mice (Figure 1B). Aortic wall thickness (h) increased in both strains
but this increase was significantly reduced in the RAG 1-/- mice (Figure 1C). Finally,
effective Young’s modulus (E) increased over the 21-day treatment of Ang II in the WT
but not in the RAG 1-/- mice (Figure 1D). Additional parameters of stiffness using aortic
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flow Doppler were measured. WT mice exhibited a significant decrease in diastolic flow
fraction by day 21, while RAG 1-/- showed no significant change (Figure 1E). This
decrease in diastolic flow percentage of the Doppler trace is related to the loss in
Windkessel function of the aorta with chronic Ang II treatment. Additionally, the transit
time of the reflective wave reduces by day 21 in WT mice but not in RAG 1-/- mice
(Figure 1F). This is supported by a change in flow wave reflection with vascular
stiffness12. The unexpected difference in reflective wave at day 0 could possibly be due to
developmental differences between the strains.
The reduction in wall stiffness at day 21 in the RAG 1-/- mice is almost entirely
due to the reduction in the effective Young’s modulus, with only a slight difference in
wall thickness when comparing WT with RAG 1-/- mice. The increase in the effective
Young’s modulus in the WT group is dependent upon the material composition and/or
mechanical properties of the wall rather than the changes in vascular morphometric
properties. Furthermore, the Ang II-mediated increase in Young’s modulus in the WT but
not in the RAG 1-/- mice in response to Ang II implies its dependency upon the immune
cells.
Blood pressure in WT and RAG 1 -/- mice
Blood pressure was measured in the mice receiving chronic Ang II infusion. WT
and RAG 1-/- mice exhibited a significant increase in systolic blood pressure as measured
by tail cuff over 21 days (Figure 2A). By 14 days, RAG 1-/- mice had an average systolic
pressure that was significantly lower than that of WT (158 ± 4.7 versus 175 ± 3.8 mmHg).
The difference pressures remained significant at 21 days (161 ± 10.7 versus 191 ± 5.0
mmHg).
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Blood pressures were also measured continuously by telemetry (Figure 2B). Both
systolic and diastolic pressures increased in the WT and RAG 1-/- mice over 21 days of
Ang II. Although RAG 1-/- blood pressures were lower than WT, both the differences in
systolic and diastolic values were not significant.
The Ang II-induced increase in in vivo measures of stiffness is due to vascular
remodeling
In order to account for the differential effects of Ang II on PWV, namely
vasoconstriction as opposed to vascular remodeling, we removed the subcutaneous
osmotic pumps after 21 days of Ang II infusion in the WT mice. Systolic blood pressure
dropped immediately to normotensive values 1 day after pump removal (Figure 3A).
Following the 3-fold increase in PWV values with 21 days of Ang II administration,
PWV remained 2-fold above baseline values at 1, 4, and 7 days after pump removal
(Figure 3B). Pumps were also removed after treatment in RAG 1-/- but no changes were
observed in PWV (data not shown). Diastolic flow fraction remained significantly lower
than baseline values 1 day after pump removal (Figure 3C), although reflective wave
showed no significant differences after Ang II stimulus-removal compared to baseline
levels (Figure 3D).
Taken together, these data reveal that under the conditions described above the
functional measurement of vascular stiffness is due to both the vasoconstrictive effect of
Ang II and Ang II-mediated vascular remodeling. These pump removal data are
consistent with a recent report supporting the significant role of vascular smooth muscle
in vascular stiffening5.
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Ang II-induced vascular remodeling is reduced in RAG 1-/- mice
Histological evaluation of aortas was performed in the WT and RAG 1-/- mice
over the 21 days of Ang II treatment. Representative aortic sections are depicted in
Figure 4A. WT mice exhibited a significant increase in medial thickness by 14 days
(Figure 4B). This increase was reduced in the RAG 1-/- mice. The adventitial thickness
increased significantly by day 21 in the WT mice but did not change in the RAG 1-/- mice
(Figure 4C). Collagen levels, represented by the collagen:lumen ratio as quantified by
PSR staining, increased in the WT mice by day 14 but exhibited no significant increase in
the RAG 1-/- mice (Figure 4D). Additionally, 7 days after pump removal at 21 days of
Ang II treatment, the remodeling reversed nearly to baseline levels, but still remained
higher than at day 0 levels. These results indicate that aortic remodeling is significantly
reduced in RAG 1-/- mice in response to chronic Ang II infusion.
Adoptive transfer of CD4+ lymphocytes restores PWV in RAG 1-/- mice
Since RAG 1-/- mice lack an adaptive immune system that includes CD4+ T helper
cells, we investigated whether adoptive transfer of CD4+ cells could restore vascular
stiffness in response to Ang II. CD4+ cells have been shown to be important in
atherosclerosis13,14 and Ang II-induced thrombus formation15. CD4+ cells were isolated
from CD8-/- mice and purified by IgG panning and 2x107 cells were injected i.p. into
RAG 1-/- mice. Reconstitution was allowed to occur for 2 weeks, followed by infusion of
Ang II. In order to account for diminishing numbers of transferred cells, mice were
sacrificed after 2 weeks of Ang II infusion. Representative flow cytometry confirms
adoptive transfer of CD4+ T cells that was devoid of cytotoxic T cells, characterized by
CD8, or B cells, characterized by CD19 (Figure 5A).
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CD4+ T cells did not significantly alter blood pressure in RAG 1-/- mice (Figure
5B). However, PWV increased significantly by 14 days in the mice receiving CD4+
lymphocytes (Figure 5C). Calculated wall stiffness increased in the RAG 1-/- mice
receiving CD4+ cells (Figure 5D), but wall thickness was not significantly affected by
CD4+ lymphocytes (Figure 5E). Effective Young’s modulus also increased with CD4
adoptive transfer in mice receiving Ang II (Figure 5F). Histological evaluation of aortic
samples at 14 days of Ang II infusion showed no significant differences medial or
adventitial thicknesses or collagen content in the vessels (Figure 5G-J). Parameters of
diastolic flow fraction and reflective wave showed no significant differences with
adoptive transfer of CD4+ lymphocytes (Supplemental Figure 1).
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Discussion
Vascular stiffness is an important predictor of cardiovascular disease events and
elucidation of its mechanisms is imperative16. Our study indicates that vascular stiffness
is dependent on the collagen-mediated remodeling that is reliant on the adaptive immune
system. Moreover, adoptive transfer of CD4+ T cells is able to restore stiffness in
immunodeficient mice. We found in this study that histological parameters of aortic
remodeling, namely increased collagen deposition as well as medial hypertrophy and
adventitial fibrosis corresponded to an increase in PWV in immune-competent WT mice
over the period of chronic Ang II infusion. Furthermore, RAG 1-/- mice displayed blunted
histological remodeling and no increase in PWV despite a significant increase in blood
pressure. These results are reinforced by a decrease in the diastolic fraction of the
Doppler flow wave in the WT but not the RAG 1-/- mice, supportive of a loss of
Windkessel function in the immune competent mice. Moreover, the reflective wave
propagation time decreases with Ang II administration in the WT but not the RAG 1-/mice, indicating increased wave reflection toward the heart in the WT mice. Increased
wave reflection, in addition to arterial stiffening, may be predictive of future
cardiovascular disease events17.
The results of our study support those of Wu et al (2014) 7, in which it was found
that Ang II-induced aortic stiffening as measured by ex vivo biomechanical analysis was
reduced in immunodeficient RAG 1-/- mice. However, contrary to their results, we have
found that blood pressure increases significantly in the RAG 1-/- mice in response to
[Val5]Ang II treatment, although this increase remains below that of the WT. Nonetheless,
our results shed light on functional stiffness in RAG 1-/- mice as measured by PWV,
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which provides contributions of both active smooth muscle and structural alterations on
stiffening in a living system. This differs from biaxial measurements, which only provide
information on structural and material changes and are not translatable to the clinical
setting. Adding on, our results showing that immunodeficiency prevents the development
of aortic stiffening is in line with a study showing that immunosuppression by adoptive
transfer of Tregs reduces Ang II-induced stiffening in small arteries18.
An interesting finding in our study is that pump removal after 21 days of Ang II
treatment reduced PWV in the WT mice but the PWV stayed significantly elevated over
pretreatment values. We suggest that this PWV level post-treatment is due to structural
remodeling of the vessel wall. However, RAG 1-/- mice did not exhibit raised PWV at all
despite the effect of Ang II in raising blood pressure in this group significantly over the
3-week treatment. If the drop in WT PWV after pump removal was due to the
vasoconstrictive and blood pressure raising effects of Ang II, then that raises the question
of why the RAG 1-/- mice did not exhibit even a blunted increase in PWV over the
treatment period. One possible explanation for this phenomenon is cellular repositioning
of the smooth muscle that occurs in the WT mice19 and altered interactions between the
extracellular matrix and the smooth muscle20. Moreover, vascular stiffening and
hypertension might not always be related21. These possibilities must be investigated in
future studies.
In order to further explore to the question of whether heightened blood pressure
and vascular stiffening are related, Wu et al (2014)6 utilized hydralazine and
hydrochlorothiazide to prevent the Ang II-mediated increase in blood pressure and found
no resulting increase in vascular stiffness. Although they concluded from this that blood
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pressure and mechanical stress alone could cause vascular stiffening, hydralazine,
however, has anti-neoplastic properties and prevents tissue growth since it is a nonnucleoside DNA methyltransferase (DNMT) inhibitor22. Therefore, there is a possibility
that the hydralazine also exhibited an anti-proliferative effect as a DNMT inhibitor,
which may have confounded their interpretation. Moreover, we have found in our study
that the RAG 1-/- mice do not exhibit an increase in aortic stiffness despite a significant
elevation in blood pressure.
In our study, we showed that CD4+ T cells were able to restore the Ang II-induced
increase in PWV in RAG 1-/- mice but were not able to change collagen levels or aortic
morphometry by histology. Although CD4+ T cells were able to restore stiffness, PWV
did not reach the WT levels. Full remodeling and a complete return of PWV to WT levels
may not have occurred since complete reconstitution of the immune system did not occur.
The histological findings are consistent with Wu et al (2014)6. However, this group did
not find a restoration of stiffness with CD4 adoptive transfer to RAG 1-/- mice.
Differences may be due to differing methods adoptive transfer and measuring aortic
stiffness.
Mechanisms for this restoration of Ang II-induced arterial stiffening by CD4+ T
cells could involve increases in crosslinks, such as advanced glycation end-products that
are known to reduce arterial compliance23. Further mechanisms could include
upregulation of inflammatory mediators such as adhesion molecules, cytokines, and
intracellular transcription factors as well as mediators of oxidative stress. Adding on,
remodeling of the extracellular matrix, whose fibrillar components create altered
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interactions with smooth muscle cells, could facilitate reduction of vascular
distensibility20.
The contribution of the immune system to vascular stiffening is indeed a critical
area of investigation that is important for the clinical setting. It has been shown that
reduced carotid arterial distensibility among HIV-infected women, adjusted for
age, HIV medications, and vascular risk factors, is associated with higher frequencies of
CD4+CD38+HLA-DR+ T cells24. This suggests that pro-inflammatory T cells may
produce vascular remodeling in HIV-infected patients leading to arterial stiffening. In
another clinical example, rheumatoid arthritis (RA) in young patients is associated with
shortened pulse propagation time25 and anti-tumor necrosis factor α therapy reduces
aortic stiffening and inflammation in RA patients26.
In summary, we have shown that vascular stiffness does not increase in response
to Ang II treatment in RAG 1-/- mice despite an increase in blood pressure. Furthermore,
adoptive transfer of CD4+ T cells restores the Ang II-mediated increase in aortic stiffness.
Our results use in vivo measures of vascular stiffening in mice and support the role of the
adaptive immune system and CD4+ T cells in the development of vascular stiffness and
show a disparity in the role of blood pressure regulation of vascular stiffness.
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Figure 1 (Continued). Stiffness measurements. Mice were treated with [Val5]Ang II at
490 ng/kig/min for 3 weeks. (A) PWV in response to Ang II treatment between WT and
RAG1-/- mice was measured. PWV was used to calculate (B) effective wall stiffness, (C)
wall thickness and (D) effective Young’s modulus, E. (E) Diastolic flow fraction was
calculated as the diastolic percentage of the VTI in the aortic Doppler flow wave. (F)
Reflective wave represents the transit time of the intersection of the forward and
reflective flow waves from the R wave of the EKG. *P<0.05 to day 0 WT; †P<0.05 to
WT at respective time point. N = 4-22. Data are means ± SEM.
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Figure 2
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Blood pressure measurements. (A) Systolic blood pressures were measured by tail cuff
in WT and RAG 1-/- over the [Val5]Ang II treatment. N = 15-47 (B) Telemetry blood
pressure measurements were also recorded. N= 3-4. *P<0.05 versus day 0 of WT; #
P<0.05 versus day 0 of RAG 1-/-; †P<0.05 between different strains at each time point.
Data are means ± SEM.
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Figure 3
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Pump removal. (A) After 21 days of Ang II treatment, the osmotic pumps releasing Ang
II were removed and systolic blood pressure was measured 1, 4, and 7 days thereafter.
Stiffness paramters of PWV (B), diastolic flow fraction (C), and reflective wave (D) were
also measured. *P<0.05 versus day 0; †P<0.05 versus day 21. N = 3-6. Data are means ±
SEM.
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Figure 4
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Histomorphometrics of aortic cross-sections. Representative trichrome images show
aortic remodeling over the time course of Ang II treatment in WT and RAG1-/- mice and
after pump removal in WT mice(A). Medial(B) and adventitial(C) thicknesses were
calculated using the trichrome stain. The ratio of collagen cross-sectional area to lumen
area was measured by Picrosirius red staining(D). *P<0.05 versus day 0 of WT; # P<0.05
versus day 0 of RAG 1-/-; †P<0.05 between different strains at each time point. N=3-6.
Data are means ± SEM.

Figure 5

Adoptive transfer of CD4+ T cells to RAG1-/- mice. CD4+ T cells were isolated from
CD8-/- mice and (A) Representative splenic flow cytometry 2 weeks after adoptive
transfer of CD4+ T cells to RAG1-/- mice. (B) Systolic blood pressure measurements by
tail cuff in RAG1-/- with adoptively transferred CD4+ T cells. (C) Stiffness measurements
by pulse wave velocity followed by calculated (D) effective wall stiffness (E) wall
thickness and (F) effective Young’s modulus.
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Figure 5 (Continued)

Adoptive transfer of CD4+ T cells to RAG1-/- mice (Continued). (G) Representative
trichrome images are presented of aortic cross-sections from RAG1-/- mice with adoptive
transfer of CD4+ T cells followed by (H) medial and (I) adventitial thicknesses and (J)
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Supplemental Figure 1

Additional stiffness parameters. (A) Diastolic flow fraction and (B) reflective wave
were measured by Doppler traces in the aortas of RAG 1-/- mice receiving adoptively
transferred CD4+ T cells with Ang II treatment along with WT and RAG 1-/- controls.
Data are means ± SEM.
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Abstract
Adaptive immune function is implicated in the pathogenesis of vascular disease.
Inhibition of T-lymphocyte function has been shown to reduce hypertension, target-organ
damage and vascular stiffness. To study the role of immune inhibitory cells,
CD4+CD25+Foxp3+ regulatory T-cells (Tregs), on vascular stiffness, we stimulated the
proliferation of Treg lymphocytes in vivo using a novel cytokine immune complex of
Interleukin-2 (IL-2) and anti-IL-2 monoclonal antibody clone JES6-1 (mAbCD25). Threemonth-old male C57BL/6J mice were treated with IL-2/mAbCD25 concomitantly with
continuous infusion of angiotensin type 1 receptor agonist, [Val5]angiotensin II. Our
results indicate that the IL-2/mAbCD25 complex effectively induced Treg phenotype
expansion by 5-fold in the spleens with minimal effects on total CD4+ and CD8+ Tlymphocyte numbers. The IL-2/mAbCD25 complex inhibited angiotensin II-mediated
aortic collagen remodeling and the resulting stiffening, analyzed with in vivo pulse wave
velocity and effective Young’s modulus. Furthermore, the IL-2/mAbCD25 complex
suppressed angiotensin II-mediated Th17 responses in the lymphoid organs and reduced
gene expression of IL-17 as well as T cell and macrophage infiltrates in the aortic tissue.
This study provides data that support the protective roles of Tregs in vascular stiffening
and highlights the use of the IL-2/mAbCD25 complex as a new potential therapy in
angiotensin II-related vascular diseases.
Key words
Treg Angiotensin IL-2 Immune Complex Vascular Stiffness
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Introduction
Aortic stiffness has been shown to be an independent predictor of cardiovascular
disease and mortality in patients with hypertension [37]. It has been shown that aortic
stiffness precedes the development of essential hypertension and high initial blood
pressure is not predictive of increased aortic stiffness [10;16]. Microvascular and
endothelial function are impaired or damaged as a direct consequence of aortic stiffness
[10]. Moreover, increased pulse pressure associated with arterial stiffness causes endorgan damage, especially in the heart, brain, and the kidneys [1;5;21;27]. Since the
mechanisms underlying the development of vascular stiffness in large conduit arteries are
mostly unknown, we investigated the role of the adaptive immune system in a murine
model of angiotensin II (Ang II)-induced aortic stiffening.
Ang II, the most important component of the renin-angiotensin system, is
associated with hypertension and renal failure. Ang II, through the angiotensin II type-1
receptor (AT1-R), is also a potent stimulator of the T-helper (Th)-1 and -17 adaptive
immune responses [12;30;35]. Most notably, angiotensin converting enzyme inhibition
promotes regulatory T-cell (Treg) expansion [26]. Chronic infusion of an AT1-R agonist
results in hypertension and vascular remodeling that is dependent upon the integrity of T
cells in the immune system [6;29] and more specifically the Th17 lymphocyte subset [18].
Therefore, there is a close association among the adaptive immune system, Ang II, and
vascular function.
Adoptive transfer of Tregs has shown benefits in Ang II-models of hypertension.
In regards to Ang II-induced stiffness of small arteries, it has been shown that adoptive
81

transfer of Tregs reduces stiffness of mesenteric arteries using ex vivo analysis of stress
versus strain [2]. However, no studies have evaluated the effects of Tregs on the stiffness
of large arteries, which is important to consider for their function as elastic reservoirs, a
characteristic known as the Windkessel effect. Moreover, adoptive transfer of Tregs
requires larger numbers of donors or in vitro stimulation and is difficult to translate into
the clinical setting.
Recent studies have reported that immune complexes composed of interleukin-2
(IL-2) and the anti-IL-2 monoclonal antibody (mAb) clone JES6-1, abbreviated as
mAbCD25 because of its ability to direct the binding of IL-2 to CD25-expressing cells, can
selectively induce rapid expansion of Tregs with significant immunosuppressive function
in vivo [3;33]. These IL-2/mAbCD25-expanded Tregs have been shown to prevent mice
from experimental autoimmune encephalomyelitis induction [33], suppress collageninduced arthritis [14], and attenuate the development of atherosclerosis [4]. In this study,
we investigated the use of IL-2/mAbCD25 to induce Tregs and protect mice from Ang IIinduced vascular remodeling and stiffness. Our data demonstrate that IL-2/mAbCD25
induces expansion of Treg lymphocytes and prevents Ang II-induced vascular stiffening
without lowering blood pressure. These results support the use of IL-2/mAbCD25 as a
novel therapeutic and have important clinical implications, since arterial stiffening is
considered an independent marker for increased cardiovascular diseases.
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RESULTS
Induction of CD4+CD25+Foxp3+ lymphocyte expansion with IL-2/mAbCD25 complex
administration
Treg expansion induced by IL-2/mAbCD25 was verified by flow cytometry. Mice
treated with IL-2/mAbCD25 or PBS for 5 consecutive days were infused with Ang II or
PBS in subcutaneous osmotic pumps starting on Day 7. Thereafter, IL-2/mAbCD25 or PBS
injections were given 3 times a week. Mice were sacrificed after 14 days of Ang II
infusion for flow cytometric analysis of splenocytes. Splenic lymphocytes were gated on
the CD4+ cell population and analyzed for CD25 and Foxp3 expression. Fig. 1a shows
representative flow cytometric analysis of splenic Tregs gated on expression of CD25 and
Foxp3. Administration of IL-2/mAbCD25 led to a 6-fold increase in the percentage of
CD4+CD25+Foxp3+ cells in splenic lymphocytes. Ang II infusion alone did not alter the
percentage of Tregs. Interestingly, when Ang II was administered with IL-2/mAbCD25 the
percentage of Tregs increased by 4-fold (P<0.01), which was significantly lower than
following treatment with IL-2/mAbCD25 alone (Fig. 1b). Total Treg cell numbers were
also significantly increased in the spleens of mice treated with IL-2/mAbCD25 (p<0.01),
and chronic infusion of Ang II diminished the effects of IL-2/mAbCD25 on Tregs (Fig. 1c).
Although other studies have shown an increase in aortic CD4+ and CD8+ infiltrates with
Ang II administration [6], splenic CD4+ and CD8+ cell numbers were not significantly
modified by Ang II infusion or by IL-2/mAbCD25 complex treatment in this study (Fig.
1d).
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The IL-2/mAbCD25 complex prevents vascular stiffness induced by Ang II
Aortic stiffness was analyzed using pulse wave velocity (PWV) measurements in
vivo. Fig. 2a compares the PWV for treatment using Ang II with IL-2/mAbCD25 against
Ang II with PBS over 14 days. Initial IL-2/mAbCD25 injections did not change baseline
values as compared with PBS injected controls at Day 0. Chronic Ang II administration
for 14 days led to a time-dependent significant increase in PWV (Greenhouse-Geisser
F=27.356, P=0.001). However, stimulation of Tregs with IL-2/mAbCD25 administration
prevented the Ang II-induced increase in PWV over the 2-week period (groups*time,
Greenhouse-Geisser F=24.005, P=.001).
Fig. 2b shows wall stiffness, Eh, computed from the measured PWV values.
After 14 days, without IL-2/mAbCD25, the wall stiffness shows a 5-fold increase that is
completely inhibited by the IL-2/mAbCD25 complex. The overall wall thickness (intima +
media + adventitia) measured with aortic histological specimens harvested caudally and
proximal to the renal artery bifurcations is shown in Fig. 2c. After 14 days of Ang II
administration, the thickness, h, is increased by approximately 2-fold. This increase is
only slightly inhibited by the IL-2/mAbCD25 complex administration. The effective
Young’s modulus was estimated by dividing the wall stiffness, Eh, by the individual
measured wall thickness, h, as shown in Fig. 2d. The effective Young’s modulus was
increased by 2.5-fold, whereas the IL-2/mAbCD25 complex completely inhibited the effect
of the Ang II-mediated increase in the Young’s modulus.
When the Day 14 results are compared with those at Day 0, it is seen that the
increase in wall stiffness, Eh, results from the combined effects of the increase in
Young’s modulus and an increase in wall thickness. The reduction in wall stiffness at
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Day 14 with IL-2/mAbCD25 treatment is almost entirely due to the reduction in the
effective Young’s modulus, with only a slight decrease in wall thickness. The increase in
the effective Young’s modulus is dependent upon the material composition and/or
mechanical properties of the wall rather than the changes in vascular morphometric
properties. This implies that the increase in Young’s modulus associated with Ang II
administration is dependent upon the immune cells that are inhibited by IL-2/mAbCD25stimulated Tregs.
Expansion of Tregs with IL-2/mAbCD25 impairs Ang II-induced aortic remodeling
Immunodeficient mice exhibit blunted vascular hypertrophy in response to Ang II
[6] and adoptive transfer of Tregs prevents Ang II-induced vascular dysfunction [2].
We therefore sought to determine whether induction of immunosuppressive Tregs with
IL-2/mAbCD25 attenuates Ang II-induced aortic remodeling. After 2 weeks of Ang II
infusion, the lower thoracic aortas harvested from the control and the treatment groups
were stained with Masson’s trichrome for evaluating aortic dimension and PSR for
collagen distribution and accumulation in the aortas. Representative histological aortic
samples from four different groups showed vascular structural alterations in response to
Ang II and IL-2/mAbCD25 (Fig. 3a). There was a significant increase in the medial and
adventitial thicknesses after 14 days of Ang II infusion only (P<0.01; Fig. 3b, c). Coadministration of IL-2/mAbCD25 with Ang II significantly reduced adventitial hyperplasia
(P<0.05). The increased aortic collagen accumulation with Ang II was prevented with the
IL-2/mAbCD25 complex (Fig. 3d). In support of histological remodeling, Ang II-induced
mRNA expression of pro-collagen Iα1 and pro-collagen III were significantly reduced by
the IL-2/mAbCD25 (Fig. 3e, f). Gene expression of tropoelastin and the cross-linking
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enzyme pro-lysyl oxidase were not affected by IL-2/mAbCD25 (Fig. 3g, h). This suggests
that although the IL-2/mAbCD25 reduces Ang II-mediated collagen gene expression and
deposition in the aorta, the effect is selective. This does not exclude the possibility of a
reduction in enzymatic activity of lysyl oxidase or changes in quantity elastin protein.
IL-2/mAbCD25 does not affect Ang II-induced hypertension
We next determined whether administration of IL-2/mAbCD25 complex prevents
hypertension in Ang II-infused mice. Using a tail cuff system, systolic and diastolic blood
pressures were recorded at baseline and weekly for 2 weeks in trained and acclimated
mice. Systolic and diastolic blood pressures in groups treated with Ang II significantly
increased over the 14-day period. Treatment with the IL-2/mAbCD25 complex did not
modify the baseline blood pressure and had no effect on the Ang II-induced increase in
systolic or diastolic blood pressures (Fig. 4a, b).
IL-2/mAbCD25 administration inhibits Ang II-induced immune activation in splenic
tissues.
Th1 and Th17 lymphocytes participate in Ang II-induced hypertension and targetorgan injury [18;19]. We next sought to further analyze the influence of the IL2/mAbCD25 complex on Ang II-induced Th1 and Th17 responses. Ang II infusion did not
significantly increase the percentage of CD4+ T cells producing IFN-γ (P=0.07; Fig. 5a).
The IL-2/mAbCD25 complex significantly reduced the percentage of IFN-γ secreting T
cells both in the control groups and those induced by Ang II. In addition, splenic CD4+ T
lymphocytes producing IL-17 were significantly increased with Ang II infusion, which
was effectively prevented by IL-2/mAbCD25 administration (Fig. 5b).
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IL-2/mAbCD25 suppresses mRNA expression of immune markers in the aortas
It has been shown that Ang II induces T cell and macrophage infiltration into the
vasculature, which contributes to vascular remodeling [2;6]. However,
immunohistochemical detection of infiltrates was limited in our study (supplement). We
therefore determined the aortic mRNA expression pattern of CD3ε, IFN-γ, IL-17a, and
F4/80 as selective surrogate markers of CD3, Th1, Th17, lymphocytic and macrophages
infiltrates, respectively. Ang II infusion for 14 days led to a 10-fold increase in aortic
CD3ε gene expression (P<0.05); IL-2/mAbCD25 complex administration limited this
increase in aortic CD3ε mRNA expression (Fig. 6a). Ang II and the IL-2/mAbCD25
immune complex did not change the levels of IFN-γ gene expression in the aortic tissues
(supplement). However, IL-17a mRNA expression increased by 3-fold with Ang II
infusion (P<0.05), which was prevented with IL-2/mAbCD25 immune complex treatment
(Fig. 6b). Ang II infusion also caused a 6-fold increase in aortic F4/80 gene expression,
which was abolished by IL-2/mAbCD25 treatment (Fig. 6c). These data therefore suggest
that IL-2/mAbCD25 suppressed Ang II-immune activation of CD3, Th17 and macrophage
infiltrates in the aortic tissues.

Discussion
The present study was designed to demonstrate the role of the adaptive immune
system function in vascular remodeling and stiffening through manipulation of Treg
lymphocytes. The immune complex of IL-2 and anti-IL-2 mAb clone, JES6-1, (IL2/mAbCD25) has been shown to induce selective expansion of Tregs with limited or no
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effects on other cells [3]. The most striking finding of our study was that IL-2/mAbCD25
administration completely inhibited the Ang II-dependent increase in the stiffness,
quantified with PWV and effective Young’s modulus, without affecting the Ang IIinduced increase in arterial blood pressure. In summary, this investigation supports the
concept that vascular stiffness is dependent on alterations in vascular collagen content,
which appear to be linked with pro-inflammatory Th17 lymphocytes.
Ang II-dependent hypertension and vascular remodeling is associated with
immune cell infiltration and T cell activation. In support of previous reports [18;30], our
study demonstrated that infusion of Ang II led to an increase in Th17 lymphocytes in the
spleen. Aortic gene expression of the Th17 cytokine, IL-17, was upregulated during Ang
II infusion. It is likely that Tregs expanded with the IL-2/mAbCD25 complex suppressed
proliferation and cytokine production of CD4+ T cells producing IL-17. Also, IL2/mAbCD25 treatment reduced the gene expression of aortic T cell and macrophage
infiltrates. Further flow cytometric analysis of the aorta could be used to verify these
findings.
Since IL-17 is one of the main cytokines released by the Th17 lymphocyte it
follows, therefore, that IL-17 may mediate the vascular remodeling process. IL-17 has
been demonstrated to activate fibroblast proliferation via an Akt/miR-101/MKP-1dependent p38 MAPK and ERK1/2 pathway [31] and fibrosis through the
PKCβ/Erk1/2/NF-κB signaling pathway [17]. It was shown that the fibroblasts
constitutively express the IL-17 receptor and IL-17A stimulates fibroblast proliferation
and migration [31]. This concept is supported by the observations that IL-17 contributes
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to pulmonary and liver fibrosis [22;34]. Consequently there is support for Th17/IL-17 as
a trophic cytokine pathway for the fibroblast induction of fibrosis.
Tregs suppress activation and expansion of multiple innate and adaptive
immunocompetent cells and play a critical role in maintaining self-tolerance and immune
homeostasis [9]. Recent studies have suggested protective roles of Tregs in hypertension
and cardiovascular injury. Adoptive transfer of Tregs reduces cardiac hypertrophy,
inflammation and fibrosis [11;12], prevents Ang II-induced hypertension and vascular
injury [2] and improves coronary arteriolar endothelial dysfunction in Ang IIhypertensive mice [20]. However, the use of Treg adoptive transfer as a therapy may be
limited due low cell numbers present in donor lymphoid organs, requiring large numbers
of donors or in vitro expansion. Therefore, in this study we evaluated an alternate and
more clinically applicable approach to induce Treg expansion in vivo using IL-2/mAbCD25
cytokine immune complex therapy as originally described by Boyman et al. [3]. The
benefit of this immune complex is that a short treatment period yields a sustained
increase in Tregs up to 6-fold. More precisely, the IL-2/mAbCD25 complex binds
selectively to the relatively small population of CD25-expressing CD4+ T lymphocytes
and induces in vivo expansion the of CD4+CD25+Foxp3+ regulatory T cells [3;33]. This
immune complex, therefore, is an alternative technique that circumvents the limitations
of adoptive transfer that include insufficient Treg purity, inadequate numbers for transfer,
and potential uncertainty of cell stability. It will be interesting to see the effect of other
methods of stimulating Tregs without adoptive transfer, such as inhibition of the
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chemokine CCL17 [32]. Depletion of CCL17 has been shown to induce Tregs and inhibit
atherosclerosis and might also show benefits in Ang II-induced vascular stiffening.
In our study, sustained expansion of Tregs was obtained by repeated injection of
IL-2/mAbCD25 during the course of Ang II infusion. IL-2/mAbCD25 selectively increased
Treg numbers in spleens without affecting total CD4+ and CD8+ T cells numbers. Our
results are consistent with previous reports indicating that IL-2/mAbCD25 selectively
promotes Tregs whereas IL-2 and anti-IL-2 mAb clone S4B6 complexes (IL-2/mAbCD122)
stimulate proliferation of memory-phenotype CD8+ T cells and natural killer cells [15].
Interestingly, although Ang II infusion did not alter the number of splenic Tregs, we
found that the percentage of Tregs induced by IL-2/mAbCD25 administration was reduced
with concomitant Ang II infusion. This observation could be due to Ang II-induction of
TNF-α [8], which may impair differentiation and function of Tregs through the
Akt/Smad3 pathway [36] and dephosphorylation of Foxp3 [24] or possibly by a direct
effect of Ang II on the Treg lymphocyte.
Expansion of Tregs with IL-2/mAbCD25 administration prevented Ang II-mediated
aortic stiffening. Our data suggest that Treg stimulation with IL-2/mAbCD25 is effective in
inhibiting collagen-dependent aortic stiffening. Inhibition of aortic medial hypertrophy
was not observed but aortic collagen accumulation and adventitial thickness were
reduced. The tunica adventitia consists of the external elastic lamina, terminal nerve
fibers, and surrounding connective tissue, which houses fibroblasts and tissue
macrophages. The adventitia has been shown to exert a primary role in the pathogenesis
of vascular disease [25] and adventitial remodeling precedes intima and media
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remodeling [7]. Therefore changes in adventitia may be critical in terms of changes in
collagen-mediated aortic stiffness.
Stimulation of Tregs in our study did not prevent hypertension. Some
investigators have shown that adoptive transfer of Tregs in Ang II-treated mice prevented
or reduced hypertension [2;20], but Kvakan et al. showed that adoptive transfer of Tregs
did not prevent hypertension [12]. We demonstrated that stimulation of Tregs
significantly decreases Th1 and Th17 lymphocyte percentages without affecting the
hypertensive state. However, a study using IL-17 knockout mice demonstrated a reduced
level of Ang II-induced hypertension [18]. These inconsistencies related to blood
pressure may be due to differing techniques of Treg augmentation and Treg effects on
Th1 and Th17 lymphocyte function and numbers. Our data suggest that with
immunosuppression through Treg induction, Ang II-mediated aortic vascular stiffness is
inhibited but the vasoconstrictor activity of Ang II is preserved.
A limitation of this study is that we were not able to detect Foxp3+ Tregs in the
aortas at a quantifiable level. We cannot presume that the suppression of Th1 and Th17
that we observed after IL-2/mAbCD25 treatment is solely due to the ability of the complex
to stimulate Tregs without taking a consideration that IL-2 may also directly influence
other tissues or cell types. For example, IL-2 signaling through transcription factor
STAT5 directly limits IL-17 production and Th17 polarization [13]. In addition, further
studies will be necessary to clarify the effect of Tregs in the vasculature during Ang IIinduced hypertension. Moreover, we have shown through rtPCR and histomorphometry
that collagen content is reduced, which we suggest affects stiffness. However, the
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contribution of vascular smooth muscle needs to be considered in the stiffness
measurements as recently suggested by Saphirstein and Morgan [28].
In summary, our data extend the concept of adaptive immunity in Ang IIdependent hypertension and emphasize a protective role of regulatory T cells in
preventing vascular stiffness induced by Ang II. The balance between suppressive
regulatory T cells and responder T cells may contribute to a regulation of vascular
structure and function in response to Ang II. Stimulation of Tregs with the IL-2/mAbCD25
complex could be a new therapeutic approach in Ang II-induced vascular diseases.

Materials and methods
Animals and study design
Male C57BL/6J mice at 3 months of age were obtained from Jackson
Laboratories (Bar Harbor, ME, USA). This study was approved by the University of
Arizona Animal Care Committee and conformed to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996). All mice were maintained in the animal facility of the
University of Arizona and fed with NIH-31 Modified Open Formula Mouse/Rat
Sterilizable Diet from Harlan Laboratories and randomly divided into placebo and three
treatment groups.
Mice were administered 6 µg per injection of IL-2/mAbCD25 (5 µg of anti-IL-2
mAb + 1 µg of IL-2) (R&D Systems) i.p. for 5 consecutive days and 3 times weekly
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thereafter according to Dinh et al. [4]. It has been shown that this dose, which is
equivalent to 1:2 molar ratios, gives maximal systemic Treg expansion [33]. After 1 week
of IL-2/mAbCD25 pre-treatment, the AT1-R agonist [Val5]angiotensin II (Ang II) (Sigma
Chemical Co), was then infused via Alzet osmotic minipumps (model 1004; Alzet, Palo
Alto, Calif., USA) at a dose of 490 ng/min/kg for 14 days as described by Guzik et al [6] .
The control groups received the pumps filled with phosphate buffered saline (PBS)
and/or injections of PBS. All mice were sacrificed after 14 days of Ang II infusion.
Blood pressure measurements
All mice were trained with the tail cuff system (Hatteras Instruments, Cary, North
Carolina) and data were recorded for Days 0, 7, and 14. Tail cuff measurements were
performed with the mice on a heated platform. Blood pressure values were recorded from
an average of 10 consecutive measurements with a standard deviation lower than 10.
Perfusion fixation and histological staining
Before perfusion fixation, mice were given a subcutaneous injection of 100 µl of
1,000 USP units/ml Heparin Sodium. Thirty mL of saline was infused to remove vascular
blood, followed by the administration of a 2:1 solution of 3% glutaraldehyde to 1%
formaldehyde at a constant perfusion pressure of 40 mmHg for 15 min to limit fixation
contraction. Thoracic aortas were paraffin-embedded, cut in 5 µm sections and stained
with Masson’s trichrome for morphometrics and Picrosirius red (PSR) for collagen.
Image analysis was performed using NIH ImageJ to quantify aortic wall thickness and
collagen content.
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Pulse wave velocity measurements of aortic stiffness
Noninvasive ECHO Doppler measurements of pulse wave velocity (PWV) were
measured with the Vevo 770 using a 45-MHz Doppler probe with a 12.7-mm focal
distance (Visual Sonics). Mice were anesthetized with 1.3% isoflurane and imaged in the
supine position while secured to heated platform with continuous electrocardiogram
(EKG) monitoring. Heart rate was kept between 340 to 360 beats per minute. Due to the
explicitly identifiable anatomical locations of the innominate artery and the abdominal
aorta at the proximal renal artery bifurcation, these two points were used for defining the
transit time difference with respect to the EKG R-wave. The distance between the
innominate and renal arteries was measured under direct view with ex vivo dissection and
divided by the transit time difference to compute the PWV.
Estimation of wall mechanical properties
The Moens-Korteweg equation for pulse wave velocity, c, is stated as
c=(Eh/2Rρ)1/2

Formula 1

where E is the Young’s modulus, h is the wall thickness, R is the vessel radius and ρ is
the density of blood [23]. In order to calculate wall stiffness, Eh, from a given pulse wave
velocity, the Moens-Korteweg equation was rearranged:
Eh=2Rρc2
Formula 2
The Young’s modulus, E, was then deduced using the data on wall thickness, h
(including aortic intima, media, and adventitial thickness). Because the arterial wall
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structure is highly heterogeneous, the values of Eh and E obtained by this method
represent effective values for overall wall properties.
Flow cytometry
Subsequent to isolation of splenic lymphocytes with Lymphocyte Gradient
Separation medium (Mediatech Inc, Herndon, VA), lymphocytes were stimulated with 10
ng/ml PMA, 1 µg/ml ionomycin and 10 µg/ml Brefeldin A for 5 hours. Surface staining
was performed before permeabilization using perm/wash buffer (BD Biosciences, San
Diego, CA). Permeabilized cells were subsequently incubated with intracellular-targeting
antibodies. Efluor 450-conjugated anti-CD3, FITC-conjugated anti-CD4, Percp-Cy5.5conjugated anti-CD8a, APC-conjugated anti-CD25, PE-conjugated anti-FOXP3, PercpCy5.5-conjugated IL-17, and PE-conjugated IFN-γ were purchased from eBioscience.
The BD LSR II with BD FACSDiva software flow cytometry system and FlowLogic
software (Inivai, Victoria, Australia) were used to analyze data.
Semi-quantitative real time RT-PCR
Aortic tissues harvested from each of the 4 groups were homogenized in TRIzol
for RNA extraction (Invitrogen Life Technologies, Carslbad, CA). Using Rotor-Gene
RG-3000 (Corbett Research, San Francisco, CA) the real time PCR was performed with
SYBR Green in a 72 well rotor. Using custom designed primers synthesized by
Integrated DNA Technologies the following genes were investigated: F4/80, CD3ε, IFN-

γ, IL-17a, procollagen Iα1, procollagen III, tropoelastin, pro-lysyl oxidase. The gene
cycle was normalized by the respective β-actin RNA expression. All data are reported as
normalized threshold and fold change of treated groups compared with control.
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Statistics
All data are reported as means ± SEM. Comparisons among the defined groups
were analyzed by one-way ANOVA, followed by Tukey multiple comparisons tests using
GraphPad Prism. For the comparison of treatment groups over time in which mice were
paired, repeated measures ANOVA were used with Mauchly’s Test of Sphericity, and
when this assumption was not met, results were reported based on the GreenhouseGeisser F test. A P-value of less than 0.05 was considered statistically significant.
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Figures

Fig. 1 Induction of CD4+CD25+Foxp3+ lymphocyte expansion with the IL-2/mAbCD25
complex. Mice were injected i.p. daily with IL-2/anti-IL-2 JES6-1 mAb (IL-2/mAbCD25)
or PBS for 5 days. Ang II was then infused via osmotic Alzet pumps on day 7. Thereafter,
mice received IL-2/anti-IL-2 or PBS 3 times weekly throughout the 14 days of Ang II
treatment. Mice receiving PBS infusion serve as a baseline control. Lymphocytes isolated
from the spleens were then analyzed with flow cytometry. (A) Representative flow
cytometry analysis of Tregs, which express CD4, CD25, and Foxp3.
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Fig. 1 (Continued) (B) The mean percentage of Tregs gated from the CD4+ population
shows a significant increase in Tregs after IL-2/mAbCD25 complex treatment. (C) Total
splenic CD4+CD25+Foxp3+ cell number. (D) Total splenic CD4+ and CD8+ cell number.
N = 7-11 per group. Data are means ± SEM.
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Fig. 2 The IL-2/mAbCD25 complex prevents vascular stiffness induced by Ang II. (A)
Aortic stiffness was determined by in vivo measurements of pulse wave velocity with and
without immune modulation. (B) Effective wall stiffness (product of Young’s modulus
and wall thickness, Eh) deduced from measured PWV. (C) Wall thickness measured for
perfusion fixed aortic specimens that included intimal, medial, and adventitial layers, (h).
(D) Effective Young’s modulus, E. Recordings were made weekly during Ang II
treatment. N = 5-8. Data are means ± SEM. *P<0.05 vs Day 0 of respective treatment and
†

P<0.05 vs Ang II + PBS at Day 14.
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Fig. 3 Expansion of Tregs with IL-2/mAbCD25 complex impairs Ang II-induced aortic
remodeling. Mice were perfusion fixed at Day 14 of Ang II infusion. The lower thoracic
aortas were stained with Masson’s Trichrome and PSR for histomorphometric analysis.
(A) Representative photomicrographs of PSR stained aortic transverse sections from the
treatment groups are shown. (B) The mean aortic medial and (C) adventitial thicknesses
were quantified. (D) The mean collagen:lumen ratio was measured by PSR intensity.
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Fig. 3 (Continued) RT-PCR of extracellular matrix genes pro-collagen Iα1 (E), procollagen III (F) tropoelastin (G) and the cross-linking enzyme pro-lysyl oxidase (H) in
the aorta are presented. N = 5-8 per group. Data are means ± SEM.
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Fig. 4 IL-2/mAbCD25 does not affect Ang II-induced hypertension. Blood pressure
measurements were obtained by tail cuff at Days 0, 7, and 14 of Ang II infusion. The
mean values of systolic (A) and diastolic (B) blood pressures in each group are presented.
N = 8 per group. Data are means ± SEM.
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Fig. 5 IL-2/mAbCD25 administration inhibits Ang II-induced immune activation in splenic
tissues. Splenic lymphocytes were isolated and stimulated with PMA, ionomycin, and
Brefeldin A and stained for surface markers and intracellular cytokines. The lymphocytes
were gated on the CD4+ population. The mean percentage of CD4+ T cells producing
IFN- γ (A) and IL-17a (B) are shown. N = 8-10 per group. Data are means ± SEM.
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Fig. 6 IL-2/mAbCD25 suppresses immune cell infiltration and expression of IL-17 in the
aortas. Relative gene expression measured by RT-PCR of CD3ε (A), IL-17a (B) and
F4/80 (C) in the aortic tissues. Gene expression was normalized by β-actin expression
and reported as relative fold change to control in each panel. N = 5-11 per group. Data
are means ± SEM.
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Online Supplement
Supplemental Fig. 1

Immunohistochemistry of CD4, F4/80, and Foxp3 in the aorta. Samples were perfusion
fixed, paraffin-embedded, and washed with xylene and ethanol/water. Aortas were
quenched with hydrogen peroxide to remove background peroxidase activity and stained
with primary antibodies for each surface marker and an HRP-conjugated secondary
antibody followed by a DAB substrate (brown). Photos were taken at 40x magnification.

112

Supplemental Table 1

Gene

Control

IL-2/mAbCD25

Ang II + PBS

Ang II +
IL-2/ mAbCD25

Collagen I

7.53 ± 0.42

7.99 ± 0.23

3.79 ± 0.53

5.48 ± 0.52

Collagen III

5.43 ± 0.82

6.84 ± 0.52

2.94 ± 0.44

5.35 ± 0.49

Lysyl Oxidase

7.8 ± 0.39

8.16 ± 0.50

4.93 ± 0.56

5.15 ± 0.74

Elastin

6.98 ± 0.50

6.79 ± 0.42

4.08 ± 0.62

4.36 ± 0.78

CD3ε

13.42 ± 0.66

15.72 ± 0.44

9.97 ± 0.60

12.27 ± 0.80

IL-17a

9.39 ± 0.33

10.11 ± 0.36

8.01 ± 0.39

10.34 ± 0.30

F4/80

10.69 ± 0.49

13.03 ± 0.62

7.98 ± 0.53

12.23 ± 0.74

IFN-γ

20.51 ± 0.50

19.80 ± 0.72

18.77 ± 0.50

19.68 ± 0.55

Foxp3

17.95 ± 0.66

16.82 ± 0.53

17.12 ± 0.60

17.7 ± 0.43

IL-10

11.77 ± 0.64

11.13 ± 0.69

10.14 ± 0.56

11.90 ± 0.71

Raw cycle numbers of rtPCR data. Data are presented as the averages + SEM of the cycle
numbers of the gene presented subtracted by the cycle number of the respective β-actin
loading control.
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