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Abstract

Objective—Autopsy and biopsy studies have shown that there is significantly more fibrosis in
hearts of patients with hypertensive heart disease compared to normal hearts. Fibrocytes, a
population of circulating bone marrow-derived cells, have been shown to home to tissues and
promote scar formation in several diseases, but their role in human hypertensive heart disease has
not been investigated to date. Our objective was to determine whether fibrocyte levels are elevated
in individuals with hypertensive heart disease.

Methods—We measured peripheral blood fibrocyte levels and their activated phenotypes in 12
individuals with hypertensive heart disease as determined by increased left ventricular mass on
noninvasive imaging and compared them to fibrocyte levels from 19 healthy normal controls and
correlated them to cardiac MRI findings.

Results—Compared to normal controls, individuals with hypertensive heart disease had
significantly higher circulating levels of total fibrocytes [median (interquartile range); 149000
(62200-220000) vs. 564500 (321000-1.2900e+906), £< 0.0001, respectively] as well as activated
fibrocytes [15700 (6380-19800) vs. 478500 (116500-1.2360e996) p< 0.0001]. Moreover, the
fibrocyte subsets expressing the chemokine markers CXCR4 (£< 0.0001), CCR2 (P < 0.0001),
CCR7 (P<0.0001) and coexpression of both CXCR4 and CCR2 (£ < 0.0001) were significantly
elevated in patients with hypertensive heart disease compared to controls. Lastly, in patients with
hypertensive heart disease there was a strong correlation between left ventricular mass index and
total fibrocytes (= 0.65, P=0.037) and activated fibrocytes (r= 0.70, P= 0.016).

Conclusion—Our data suggest that bone marrow-derived circulating fibrocytes are associated
with the presence and extent of left ventricular hypertrophy in patients with hypertensive heart
disease.
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INTRODUCTION

Hypertensive heart disease (HHD), defined as the presence of left ventricular hypertrophy
(LVH), occurs in a third of individuals with hypertension and is among the most common
causes of death and morbidity from hypertension [1]. Importantly, HHD has an
unpredictable course and can progress despite optimal blood pressure control [2]. The
pathogenesis of HHD involves remodeling of the myocardium with fibrosis of the muscle
and perivascular space, medial hypertrophy of intramyocardial coronary vasculature and
cardiomyocyte hypertrophy [3,4]. The mechanisms responsible for the development,
progression and pattern of LVH are incompletely defined but include the severity and
duration of hypertension, effects of growth factors, cytokines and neurohormones and
genetic predisposition [5,6].

Autopsy studies indicate 30% more collagen in the hearts of hypertensive individuals as
compared to normal hearts [7,8], with intense perivascular and interstitial remodeling and
deposition of extracellular matrix [9,10]. Myocardial fibrosis predisposes patients to
diastolic and systolic dysfunction, myocardial ischemia and atrial and ventricular
arrhythmias [11]. Understanding the factors that regulate the fibrotic process within the
myocardium is necessary for developing new treatment strategies for HHD.

Traditionally, resident cardiac fibroblasts were thought to be activated by proinflammatory
processes to proliferate and synthesize collagen that is secreted and deposited in the
interstitial space [12]. However, recent studies describe an important role for circulating
bone marrow-derived cells in both physiological and pathological fibrosis in diverse
diseases. These cells, referred to as fibrocytes, home from the bone marrow to the blood and
then to injured tissues, differentiate into fibroblasts and myofibroblasts and contribute to
fibrosis [13-15]. Fibrocytes have been implicated in physiologic wound healing [16] as well
as in many fibrotic diseases, including pulmonary fibrosis [17-20], mouse models of renal
fibrosis [21], myocardial infarction [22,23] and cardiomyopathy [24].

Fibrocytes express surface markers of leukocytes and hematopoetic stem cells but also
collagen-1 [16,25,26]. When cultured /n vitro without cytokines or growth factors, isolated
peripheral blood fibrocytes retain expression of collagen-1 and gain expression of the
myofibroblast marker a-smooth muscle actin (SMA), consistent with differentiation into
fibroblasts and myofibroblasts [25-28], the primary effector cells in the pathogenesis of
tissue fibrosis [29,30]. Because chemokines are critical to the homing of fibrocytes to tissue,
and prior literature have shown that subsets of human fibrocytes express the chemokine
receptors CCR2, CCR7 and CXCR4 [18,26,31], we measured circulating fibrocytes
expressing these receptors as well as the activated a-SMA fibrocyte subset.

Data on the role of fibrocytes in HHD is limited to mouse models [32,33]. We hypothesized
that circulating fibrocyte levels are elevated in patients with HHD compared to healthy
controls. To this end, we performed a pilot study to examine the association of circulating
fibrocytes and their activated phenotypes with left ventricular mass as determined by cardiac
MRI (CMR), the gold standard for evaluating left ventricular mass [34], in a cohort of
patients with HHD.
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METHODS

Study participants

Study participants were recruited from the echocardiography laboratory, cardiac
catheterization laboratory and cardiology clinics at the University of Virginia. The project
was approved by the University of Virginia Institutional Review Board, and participants
gave informed consent. For patients with HHD, the inclusion criteria was age older than 18
years with a history of hypertension and evidence of LVH on 12-lead electrocardiogram or
echocardiography or CMR. Exclusion criteria were estimated glomerular filtration rate less
than 45 ml/min per 1.73 m? based on a serum creatinine drawn within 30 days of the CMR;
acute kidney injury; history of paraproteinemia syndrome; hepatorenal syndrome; liver
transplantation; metallic implants including pacemakers and defibrillators, cerebral
aneurysm clips, and cochlear implants; severe claustrophobia; inability to provide informed
consent; presence of acute myocardial infarction or acute coronary syndrome; SBP less than
90 mmHg; pregnancy; severe congestive heart failure (inability to lie flat) and diagnosis of a
known fibrotic disease including interstitial lung disease, cirrhosis, scleroderma and
myxomatous mitral valve degeneration. Control individuals were healthy volunteers older
than 18 years of age without a known history of hypertension or other comorbidities.
Between 1 November 2010, and 1 August 2011, 27 volunteers were recruited.

Assessment of left ventricular hypertrophy

Two-dimensional echocardiography—~For screening purposes, a two-dimensional
echocardiogram was performed and using a standard parasternal long axis view, two-
dimensional-guided left ventricular mass was measured based on the Penn criteria [35]. The
presence of LVH on echocardiography was defined as left ventricular mass more than 150 g,
or more than 88 g/m? in women, and left ventricular mass more than 200 g, or more than
102 g/m? in men. Participants in whom the presence of LVVH was verified on
echocardiography underwent CMR for further evaluation of left ventricular mass, volumes,
function and presence of focal fibrosis.

Cardiac MRI—After peripheral intravenous access was obtained and ECG leads for gating
and monitoring were placed, the participant was placed in the center of the magnet with a
phased array surface coil overlying the chest. Scout imaging was performed to localize the
heart, followed by images of heart morphology and function. Left ventricular volumes and
function were determined using steady state free precession cine imaging with the following
sequence parameters: repetition time (TR) 2.7 ms, echo time (TE) 1.3 ms, flip angle 73°,
field of view (FOV) 300-350 mm and resolution 1.8 x 1.4 x 8.0 mm. The temporal
resolution of the image acquisition depended on underlying heart rate but ranged from 40-
50 ms. A stack of short axis images that were 8 mm thick with 2 mm gap covered the left
ventricle from apex to base. Three long-axis images were obtained (four-chamber, two-
chamber and three-chamber). Analyses were performed by an observer blinded to patient
fibrocyte data (R.J.) using Argus software (Siemens Healthcare, Princeton, New Jersey,
USA) on a Leonardo workstation (Siemens Healthcare, Erlangen, Germany). End-diastolic
and end-systolic endocardial and epicardial cavity areas were semiautomatically
planimetered for each short-axis slice with care taken to exclude papillary muscles and
trabeculae from the endocardial contours and the total left ventricular mass, end-diastolic
volume, end-systolic volume, stroke volume and cardiac output was calculated for each
individual and indexed for body surface area at each time point. Late gadolinium enhanced
(LGE) images were obtained 10-15 min after injection of 0.15 mmol/kg using a phase-
sensitive inversion recovery pulse sequence with the following sequence parameters: TR 7.1
ms, TE 3.4 ms, flip angle 25°, FOV 300-340 mm, resolution 1.8 x 1.3 x 8 mm, inversion
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time adjusted to null normal myocardium). The images were visually analyzed for the
presence of focal LGE.

Measurement of circulating fibrocytes

After informed consent was obtained and before the CMR was performed, 10 ml of
heparinized venous blood was obtained for the measurement of circulating fibrocytes.
Quantitative fluorescence-activated cell sorting (FACS) analysis for fibrocytes (defined as
CD45*Col1™ cells), a-SMA* cells(CD45" a-SMA*Col1*), and fibrocytes expressing
chemokines receptors (CXCR4, CCR2, CCR7 and in combination) were measured as
described [19,25,36]. All antibodies were purchased from BD Biosciences (San Jose,
California, USA) except anti-CCR2 PerCP, anti a-SMA PE (R&D Systems, Minneapolis,
Minnesota, USA), and anti-Collagen 1 (Col1) (Rockland, Gilbertsville, Pennsylvania, USA).
All the antibodies were purchased conjugated except anti-Coll. Anti-Col1 or control
antibody was conjugated to fluorescein isothiocyanate using DyLight conjugation Kits
(Thermo Fisher Scientific, Waltham, Massachusetts, USA). Using the manufacturer’s
instruction cells were processed as previously described [19,25,36] and read on a FACS
Canto |1 flow cytometer using BD Diva software (San Jose, California, USA).

Statistical methods

Data were analyzed on a Macintosh computer using PRISM statistical software (Version
4.0a, GraphPad Software, Inc. La Jolla, California, USA). Comparisons between healthy
controls and patients with HHD were performed with the unpaired two-tailed Mann-
Whitney (nonparametric) test. In patients with HHD, we assessed whether there was a
correlation between the total concentration of circulating fibrocytes and activated fibrocytes
with left ventricular mass indexed to body surface area. Correlation coefficient (/) was
calculated using Spearman (nonparametric) correlation. Probability values (two-sided) were
considered statistically significant if they were less than 0.05.

RESULTS

Baseline characteristics of the 19 healthy controls and the 12 patients with HHD including
their medications and CMR variables are listed in Table 1. More than half of the patients
with HHD were taking an antihypertensive medical regimen that included angiotensin-
converting enzyme inhibitor and/or angiotensin receptor blocker and a diuretic.

Compared to normal controls, patients with HHD had significantly higher absolute
concentration of total fibrocytes (CD 45*Col1* cells in the peripheral blood) [median
(interquartile range)] [149000 (62200-220000) vs. 564500 (321000-1.2900e+906), p<
0.0001, respectively] (Fig. 1, panel A). In addition, the absolute concentration of activated
fibrocytes (CD45*Col1* a-SMAY) was also higher [15700 (6380-19800) vs. 478500
(116500-1.2360e+906) p< 0.0001], with median values that were 30-fold greater than in
normal individuals (Fig. 1, panel B). Chemokines are critical to homing of blood fibrocytes
to fibrotic tissues, and the chemokine receptors CCR2, CXCR4 and CCR7 have been
implicated in fibrocyte trafficking in prior studies [15]. We, therefore, compared the
concentration of the subsets of blood fibrocytes that express these receptors in patients with
HHD and normal controls. As found in prior literature [18], most fibrocytes in both HHD
and control individuals expressed CXCR4, with smaller subsets expressing CCR2 and
CCRY; there was a small subset of fibrocytes that coexpressed CCR2 and CXCR4. We
found that, compared to normal controls, there was a statistically significant increase in
CD45*Col1*CXCR4™ fibrocytes [114000 (53300-200000) vs. 548000 (288500
1.2015e*006) < 0.0001] (Fig. 1, panel C); CD45*Col1*CCR2* fibrocytes [16800 (8890-
26400) vs. 340000 (114000-948500) < 0.0001], (Fig. 1, panel D); CD45*Col1*CCR7*
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fibrocytes [11800 (6400-21300) vs. 240000 (166500-438000) £ < 0.0001] (Fig. 1, panel E)
and CD45*Col1*CXCR4"CCR2* fibrocytes [11100 (4440-20000) vs. 99850 (51150—
364000) P< 0.0001] (Fig. 1, panel F) in patients with HHD.

Eleven of the 12 patients with HHD underwent CMR imaging (one patient did not due to
claustrophobia); none had focal LGE by visual assessment. We found that both the total
fibrocyte concentration and that of the activated subset significantly correlated with left
ventricular mass indexed to body surface area: total (CD45*Col1*) fibrocytes (r= 0.65, P=
0.037) (Fig. 2, panel a), and the activated subset (CD45*Col1* a-SMA™) (r=0.70, P=
0.016) (Fig. 2, panel B).

DISCUSSION

The main findings of our study is that compared to healthy controls circulating fibrocyte
levels are elevated in the plasma of patients with HHD, and that in these individuals,
increased fibrocyte levels correlate with increased left ventricular mass.

Previous studies have shown that fibrocytes comprise 0.1-0.5% of nucleated cells in the
peripheral blood of healthy individuals [25,26,37], and that in patients with fibrotic diseases,
the ratio of fibrocytes in the peripheral blood compared to healthy individuals has been
shown to increase 5-10% [19,20] and correlate with disease activity and mortality
[17,19,20]. In addition to finding a similar increase in the absolute concentration of total
fibrocytes, we found a marked increase in the activated subset of fibrocytes in patients with
HHD. The activated fibrocytes, identified on the basis of expression of a-SMA, are thought
to have acquired the myofibroblast phenotype; tissue myofibroblasts deposit extracellular
matrix including collagen and are critical to driving the fibrotic process. In contrast to
normal controls, we found that a large proportion of circulating fibrocytes in patients with
HHD had the activated phenotype, supporting the notion that these cells are relevant to the
pathogenesis of HHD.

Chemokines are critical to the homing of fibrocytes to tissue, and prior literature has shown
that subsets of human fibrocytes express the chemokine receptors CCR2, CCR7 and CXCR4
[18,26,31]. As noted above, most human and mouse fibrocytes express CXCR4, with
smaller subsets expressing the other receptors. The contribution of specific chemokine
receptors to tissue infiltration of fibrocytes differs in different diseases and may differ
between mouse models and human disease. Although there have been no published reports
in human HHD, in a mouse model of arterial hypertension, CCR2 and one of its ligands,
CCL2, have been implicated in the development of cardiac fibrosis via a fibrocyte-oriented
mechanism; in this study, the absence of CCR2 prevented angiotensin Il-induced cardiac
fibrosis through suppression of fibrocyte infiltration into the heart [33]. Moreover, CCR7,
CXCR4 and CCL21 (a ligand of CCR2 in mice but not humans) have been implicated in a
renal fibrosis model [21]. In our study we found all subsets of human fibrocytes expressing
chemokine receptors to be elevated in patients with HHD compared to healthy controls, but
the difference was most marked between the CXCR4* subset.

Our study has several limitations. First, the correlative findings reported here are consistent
with, but do not constitute evidence of, a causal relationship between elevated blood
fibrocytes and development of HHD. Second, our sample size was small, bringing into
question the generalizability of our findings. On the contrary, the very small Pvalues and
correlation with left ventricular mass indexed to body surface area using the gold standard in
assessing left ventricular mass provided precise measures with minimal variation and make
type | error less likely. Third, more than half the patients with HHD were taking
antihypertensive medications that may have influenced fibrocyte levels. Fourth, elevated
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fibrocyte levels associated with other disease processes may impact on the specificity of
fibrocytes as a reliable biomarker of HHD. Fifth, although the healthy controls did not have
a known history of hypertension, blood pressure and CMR measurements were not
performed. Lastly, although fibrosis is an important component of hypertensive LVH, our
CMR measures reflect overall left ventricular mass and not just the fibrotic component. T1
mapping techniques to measure diffuse fibrosis in hypertensive LVVH are actively being
developed and tested by our group and others [38].

In conclusion, our results suggest that bone marrow-derived circulating fibrocytes and their
activated subsets are associated with hypertensive LVH. If validated in larger studies of
patients with HHD undergoing CMR, fibrocyte levels may serve as a novel biomarker of
cardiac fibrosis. As in animal models elevation of blood fibrocytes temporally precedes
detectable tissue fibrosis, this may represent a potentially useful clinical application. In
addition, compared to traditional biomarkers that indirectly represent the pathophysiologic
process, fibrocytes may directly contribute to cardiac fibrosis and the abnormal myocardial
mechanics seen in HHD. Additional studies are needed to more fully characterize the
potential role of fibrocytes in human HHD as a simple blood test that can predict the
development of fibrosis and/or its progression over time, thus leading to a paradigm shift in
the treatment of HHD.
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Reviewers’ Summary Evaluations
Referee 1

The study has shown that circulating fibrocytes and myofibroblasts are increased in
patients with hypertensive heart disease (HHD) and correlate with the extent of the
indexed left ventricular mass. Although several limitations of the study are acknowledged
by the authors, the results raise many important questions: Is myocardial fibrosis the
result of bone marrow activation? Is the increased level of circulating fibrocytes a
predecessor of myocardial fibrosis? Should the hypothesis of a predominant role of the
renin—angiotensin system in fibrosis development be re-considered? Is bone marrow a
possible new therapeutic target in patients with hypertension and HHD? If the presented
data are confirmed, heart-bone marrow interactions will deserve to be investigated
further.

Referee 2

The paper by Keeley et al. supports the view that peripheral fibrocyte levels are markedly
increased in patients with hypertensive heart disease, as assessed by MRI, in comparison
to normotensive controls. Furthermore, the authors report a strong linear correlation
between circulating fibrocytes and left ventricular mass index. Since these results are
obtained in a very small selected sample of middle-aged hypertensive patients without
co-morbidities associated with a marked activation of circulating fibrocytes (such as
fibrotic lung disease, asthma, pulmonary hypertension and systemic collagen disorders)
they cannot be extrapolated to the general hypertensive population. Thus, future larger
investigations are needed to explore the clinical role of circulating fibrocytes as a reliable
marker of hypertensive heart disease.
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Median values of circulating blood fibrocyte concentrations (x 10%/ml) in normal controls
compared to individuals with hypertensive heart disease (HHD). Panel (a) shows total
fibrocytes (P < 0.0001). Panel (b) shows activated fibrocytes (£ < 0.0001). Panel (c) shows
CXCR4* fibrocytes (P < 0.0001). Panel (d) shows CCR2* fibrocytes (P < 0.0001). Panel (e)
shows CCR7™ fibrocytes (P < 0.0001). Panel (f) shows CXCR4*CCR2* fibrocytes (P<

0.001).
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FIGURE 2.

Correlation coefficient with 95% confidence intervals of left ventricular mass index (g/m?2)
as assessed by cardiac MRI with blood fibrocyte concentrations (x 10%/ml) in patients with
hypertensive heart disease. Panel (a) shows total fibrocytes (r=0.65, = 0.037). Panel (b)
shows activated fibrocytes (r=0.70, = 0.016).
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TABLE 1
Baseline characteristics study participants
Hypertensive  Healthy
heart disease  controls

Variable (n=12) (n=19) P
Demographic characteristics

Age, year + SD 52+ 16 41+4 0.043

Sex, n (%)

Women 8 (67%) 17 (89%) 0.174

Race

African American 11 (92%) 19 (100%) 0.387
SBP (mmHg) 151 + 14 -
DBP (mmHg) 82+12 -
Hypertension, 77 (%) 12 (100%) 0
Diabetes mellitus, 77 (%) 2 (17%) 0
Hyperlipidemia, 77 (%) 7 (58%) 0
Coronary artery disease, 77 (%) 1(8%) 0
Medications

ACE-I/ARB, n (%) 8 (66%) 0

B-blocker, n (%) 4 (33%) 0

Calcium channel blocker, 77 (%) 6 (50%) 0

Diuretic, (%) 7 (58%) 0

Statin, 7(%) 6 (50%) 0
CMR variables

Left ventricular ejection fraction 60.7 £ 12.9 -

End diastolic volume index 60.2 +18.7 -

End systolic volume index 243+14.9 -

Left ventricular mass index 76.6 + 18.8 -

Stroke volume index 35.7+12.6 -

Cardiac index 252+0.74 -

Page 12

ACE-I, angiotensin converting-enzyme inhibitor; ARB, angiotensin receptor blocker; CMR, cardiac MRI. Values are mean + SD, percentage (%).
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