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Abstract

The CX3CL1/CX3CR1 axis mediates recruitment and extravasation of CX3CR1-expressing
subsets of leukocytes and plays a pivotal role in the inflammation-driven pathology of cardio-
vascular disease. The cardiac immune response differs depending on the underlying
causes. This suggests that for the development of successful immunomodulatory therapy in
heart failure due to chronic pressure overload induced left ventricular (LV) hypertrophy, the
underlying immune patterns must be examined. Here, the authors demonstrate that Frak-
talkine-receptor CX3CR1 is a prerequisite for the development of cardiac hypertrophy and
left ventricular dysfunction in a mouse model of transverse aortic constriction (TAC). The
comparison of C57BL/6 mice with CX3CR1 deficient mice displayed reduced LV hypertro-
phy and preserved cardiac function in response to pressure overload in mice lacking
CX3CR1. Moreover, the normal immune response following TAC induced pressure over-
load which is dominated by Ly6C'*" macrophages changed to an early pro-inflammatory
immune response driven by neutrophils, Ly6C™9" macrophages and altered cytokine
expression pattern in CX3CR1 deficient mice. In this early inflammatory phase of LV hyper-
trophy Ly6C"9" monocytes infiltrated the heart in response to a C-C chemokine ligand 2
burst. CX3CR1 expression impacts the immune response in the development of LV hyper-
trophy and its absence has clear cardioprotective effects. Hence, suppression of CX3CR1
may be an important immunomodulatory therapeutic target to ameliorate pressure-overload
induced heart failure.

1 Introduction

Left ventricular (LV) hypertrophy is a main determinant of morbidity and mortality as it
occurs in response to various stimuli, including systemic arterial hypertension, aortic stenosis
or remodeling of the myocardium after myocardial infarction (MI) [1]. Chronic pressure
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overload initiates a remodeling process which changes tissue morphology and the function of
the heart [2, 3].

Currently, therapeutic approaches to influence cardiac remodeling are still limited and
presume an early diagnosis and consequent therapy of the underlying pathomechanisms [4].
Many, initially protective neurohumoral and inflammatory compensatory processes which
become harmful in the course of disease culminate in heart failure as the final stage of the dis-
ease [5, 6]. In this light, understanding the underlying mechanisms of the cardiac immune
response and its association with cardiac tissue remodeling during chronic pressure overload
conditions are necessary for the development of new therapeutic strategies.

Cardiac macrophages are known to play a crucial role in cardiac tissue remodeling and
healing after injury. They are derived from yolk sac and fetal monocyte progenitors and can be
distinguished based on expression of the chemokine receptor, Chemokine Receptor Type 2
(CCR2). Studies have demonstrated that CCR2" cardiac resident macrophages are derived
from monocytes while CCR2™ macrophages originate from the embryonic developmental
stage [7]. In steady state, resident cardiac macrophages are replenished by local proliferation.
However, following cardiac injury, cardiac macrophages are replaced by blood monocytes [8,
9]

Two major macrophage subsets differentiated in pro-inflammatory Ly6C™&" (CCR2™¢",
Cx3CR1'°Y) and resident Ly6C1°W (CCR2"Y, CX3CR1M8") cells contribute to inflammation
and tissue repair in the stressed heart. In chronic pressure overload a myeloid cell response is
induced which is characterized by constant high numbers of Ly6C'*™ CX3CR1™&" macro-
phages [10], in contrast to the biphasic macrophage response following myocardial infarction
(MI) [11]. As to this, we were able to show, that Ly6C1°W CX3CR1Meh macrophages act as senti-
nels and display helper-cell functions, allowing neutrophil trans-epithelial migration in a
murine urinary tract infection model [12], but little is known about the role of these cells in
myocardial pressure overload.

The receptor CX3CR1 and its ligand fractalkine (CX3CL1) play an important role in medi-
ating monocyte recruitment and adhesion. In case of inflammation CX3CR1 is required to
mediate Ly6C'®™ monocyte patrolling and crawling and monocyte-adhesion from blood ves-
sels [13]. In response to pressure overload, cardiac Ly6C'®" macrophages express high surface
levels of CX3CR1 and accumulate predominantly in LV tissue next to blood vessels [10]. In
kidney ischemia/reperfusion injury CX3CR1 deficiency reduced the entry of monocytes into
the kidney and attenuated symptoms and fibrosis [14].

Aim of this study was to examine the influence of CX3CR1 in the orchestration of the car-
diac immune response in the development of LV hypertrophy.

2 Materials and methods

2.1 Mice

Female C57BL/6] mice aged 10 to 14 weeks were purchased from Charles River or bred at the
central animal facilities of the medical faculty of Bonn (House of Experimental Therapy HET).
Cx3cr1“F”“*F mice were originally purchased by Jackson Laboratory (Jachson Laboratory
strain description B6.129P2(Cg)-Cx3crltmILitt/]; stock No: 005582) and bred at the central
animal facilities of the medical faculty of Bonn (HET). Mice were backcrossed at least 8 times
to C57BL/6] background prior to experimental inclusion. All mice were kept under specific
pathogen—free conditions in isolated, ventilated cages with free access to water and food. Mice
were at rest for 1 wk in the animal facility. All animal experiments were approved by govern-
mental ethics board at the Ministry of Nature, Environment and Consumer Protection of

the German state of Northrhine Westphalia (LANUV Recklinghausen permit numbers 84—
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02.04.2011.A313, 84-02.04.2016.A374) and were supervised by the central animal facilities of
the medical faculty of Bonn (HET, Sigmund-Freud Str. 25 in Bonn, Germany). All surgical
interventions were performed under anesthesia and analgesia as described below, and all
efforts were made to minimize suffering of the mice.

2.2 Transverse aortic constriction (TAC)

We used a closed-chest model to minimize surgical trauma performing the intervention as
microinvasive as possible [15]. In short, mice where anaesthetized with isoflurane (2 Vol%),
intubated with an intubation cannula (OD 1.2 mm). Respiratory rate was set to 150/min and
tidal volumes to 8-10mL/kg body weight using a small animal ventilator (Harvard Apparatus;
Holliston, MA). A 27 G spacer was used to standardize the degree of aortic constriction. Sham
animals underwent intubation and surgery except that the suture around the aorta was not
tight. For postoperative pain management buprenorphine was administered (0.1ug/g subcuta-
neously) every 8 h for the next three days after surgery. Mice were sacrificed 3, 6 and 21 days
following surgical intervention by atlanto-occipital dislocation. The selection of the times of
analysis is based on our preliminary results and mirrors the immune response following TAC
composed of early and late inflammatory phase and remodelling phase [16]. We compared
TAC vs. sham (control) groups and CX3CRI1 deficient mice with C57BL/6] mice.

For additional illustration of the experimental setting and a schematic view of the aortic
constriction model see S1 and S2 Figs.

2.3 Cardiac pressure-volume measurements

The cardiac function was measured under anesthesia with a 1.4 French pressure conductance
catheter (SPR-839, Millar Instruments, Houston, TX) according to the manufacturer’s proto-
col. The catheter was inserted through the right carotid artery. After measuring the systolic
blood pressure (BP), the catheter was placed into the left ventricle. Heart rate (HR), stroke vol-
ume (SV), cardiac output (CO) and ejection fraction (EF) were recorded while the amount of
anesthesia was reduced to 0.8 Vol% isoflurane. These data were stored and analyzed blinded
using PVAN™ software (Millar Instruments). The cardiac index (CI) was calculated by using
CO and the body weights. The effectiveness of our TAC intervention was proven by determin-
ing the systolic pressure in the carotid artery (Table 1).

2.4 Determination of heart-weight/body-weight-index

The body weight (BW) of each mouse was measured before sacrificing the animals. The heart
weight (HW) of the whole heart (without heart-auricles, pericardium, and blood) was deter-
mined after carefully explanting the organ from the murine thorax and rinsing the organ thor-
oughly with PBS to remove any remaining blood. The index was calculated in mg HW / g BW.

2.5 Flow cytometry

Immune cells were isolated from blood and LV tissue as previously described [9]. Peripheral
blood (100 pl) was collected in tubes with ethylenediaminetetraacetic acid (EDTA) (Sigma
Aldrich, St. Louis, MO). Erythrocytes were lysed with RBC lysis buffer (Thermo Fisher Scien-
tific, Waltham, MA). Whole hearts were flushed with PBS, minced into small pieces using a
single-edged blade, and digested in gently agitated RPMI medium with 1 mg/ml collagenase-2
(Sigma Aldrich) and 1 mg/ml DNase I (Sigma Aldrich) at 37°C for 60 min.

Unspecific Fc-receptor binding was blocked incubating the cells with antimouse CD16/32
(BD Biosciences, Franklin Lakes, NJ) for 10 min at 4°C. Cells were stained with antimouse
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Table 1. CX3CR1 deficiency protects the heart from decompendation following TAC.

A B

BL6shamn=8 |BL6TAC[21d]n=7 CX3CR1°™"6*P shamn=6 |CX3CR1*”¢*PTAC[21d]n=7
sBP carotis, mmHg 102 +20 167 + 30 o 115 +24 167 + 24 *
HR, beats/min 609 + 25 594 + 46 ns 603 + 20 639 + 16 ns
EF, % 39+6 21+ 10 * 36+8 48 + 4 ns; e
CO, ul/min 13370 + 1694 6054 + 2326 12724 + 2983 11348 + 1694 RS
CI, pl/min/BW 548 + 181 212 + 87 #1450 4110 461 + 62 nss
ESV, ul 35+5 46 + 11 ns 41+7 21+5 SR e
EDV, ul 53+5 5149 ns 57+ 8 34+6 s B
dPdt,,,,, mm Hg/sek | 15377 + 3328 9508 + 2654 € 11024 + 4783 12845 + 2670 ns

Part A indicating C57BL/6 data, Part B CX3CR1°F/CP data; values are mean + SD.

“p < 0.05.

**p < 0.01,

*** P<0.001; transverse aortic constriction (TAC) versus respective sham, ns = not significant versus respective sham.

*p indicates TAC Wt vs. TAC CX3CR1*/SFP; sBP carotis = systolic blood pressure in carotid artery; HR = heart rate; EF = ejection fraction; CO = cardiac output;

CI = cardiac index; ESV = end-systolic volume; EDV = end-diastolic volume; dPdtmax is the maximal rate of rise of left ventricular pressure [21].

https://doi.org/10.1371/journal.pone.0243788.t001

fluorochrome-conjugated antibodies in panel-appropriate combinations in the dark for 20
min at 4°C with following antibodyclones from Thermo Fisher (Waltham, MA), BD Biosci-
ences (Franklin Lakes, NJ) and BioLegend (San Diego, CA): CD45 (AFS98), F4/80 (BM-8),
CD115 (c-fms), Ly6C (HK1.4), Ly6G (1A8), CD31 (MEC 13.3); LIVE/DEAD Fixable Dead
Cell Stain Kit (Thermo Fisher). BrdU Assay was performed according to the manufacturer’s
protocol using the BD APC FlowKit (BD Bioscience). BrdU was administered 18 hours before
analysis. We determined absolute cell numbers by adding fixed numbers of CaliBRITE APC-
beads (6pm size) (BD Biosciences) before measurement as internal reference. Additionally, LV
tissue and spleen were weighted before digestion and cell numbers were normalized to 100 mg
tissue respectively. Flow cytometry was performed on a BD LSR Fortessa I and data were ana-
lyzed with Flow-Jo software (BD Bioscience); (Gating strategy S3 and S4 Figs).

2.6 Histology

Sirius red staining. Hearts were fixated in 4% zinc-paraformaldehyde and embedded in
paraffin, and 5 um sections from the site of the papillary muscle insertion were stained with
picrosirius red (SR), as previously described [17]. Cardiomyocyte hypertrophy was assessed
using area planimetry of cross-sectioned cardiomyocytes in collagen stained sections by man-
ual cell count of at least 200 cells/slide [3]. Images were taken with a Zeiss Axio Oberserver
and evaluated with Zen-Software.

2.7 Real time PCR

The LV tissue samples were stored at -80°C until homogenization in Trizol according to
manufacturer instructions (Thermo Fisher). After reverse transcription of 2000 ng total RNA
into cDNA (High capacity cDNA Reverse Transcription Kit; Thermo Fisher) Aldolase C
(Mm01298116_g1, Amplicon Length 59), BNP (Mm01255770_g1, Amplicon length 68) and
18S (Mm02601777_gl, Amplicon Length 76) cDNA expressions were quantified by qPCR using
TaqMan PCR detection System (Life Technologies, Carlsbad, CA). The 18S ribosomal RNA was
amplified as internal control. The amounts of specific cDNA were normalized to 18S using the
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Act method and differences between treatment groups were calculated by using the AAct
method. Results were depicted as 22" values with respect to the indicated controls [18, 19].

2.8 Cytokine and chemokine measurement

For cytokine and chemokine analysis LV tissue samples were stored at -80°C until homogeni-
zation in RIPA Buffer normalized to 100 pg total Protein utilizing a BCA Protein assay Kit
(Thermo Fisher) according to the manufacturer’s protocol. Samples were employed according
to the manufacturer’s protocol. Quantikine ELISA-Kits for the detection of MCP-1, IL-6, IL-
1B and IL-10 (R&D Systems, Wiesbaden, Germany) were used.

2.9 Statistical analysis

Appropriate assumptions of data (e.g. normal distribution or similar variation between experi-
mental groups) were examined before statistical tests were conducted. The number of experi-
ments and the number of mice per group are provided in the figure legends. Student’s t-tests
were used whenever two groups were compared, and one-way or two-way analyses of variance
followed by Tukey’s test for multiple comparisons. The analysis was performed with Prism 8
(GraphPad Software, Inc. La Jolla, CA). The results are provided as mean+SD unless noted
otherwise; p<0.05 was considered statistically significant.

3 Results

3.1 CX3CRI1 signaling contributes to loss of cardiac function in pressure
overload induced LV hypertrophy

To explore the specific role of CXCR1™¢" Ly6C'®" macrophages in the development of LV
hypertrophy, Cx3cr1F*/CFP
[20]. Firstly, we evaluated the impact of CX3CR1 expression for the preservation of myocardial
function in our model of LV hypertrophy and assessed functional parameters by pressure-vol-
ume (PV) measurements 21 days after TAC. In our recent studies, we found that 21 days after
TAC the acute phase of cardiac remodeling is completed and allows to evaluate the effect of
chronic pressure overload and LV hypertrophy on myocardial performance. Hence, in the cur-
rent study we focused on 21 days after TAC. One major criterium for a good quality in TAC
surgery and PV catheter performance is a constant systolic blood pressure, measured in the
carotid artery in TAC mice. Our data highlight this high quality of TAC-surgery and PV cathe-
ter performance, as there is no difference between Wt and Cx3cr1“**/“** TAC animals observ-
able at day 21 (Table 1).

Our PV measurements reveled that CX3CRI critically contributes to impaired cardiac
function as it normally occurs in response to pressure overload. In Wt mice ejection fraction
(EF) and cardiac output (CO) were significantly reduced 21 days after TAC compared to
respective sham mice. In contrast, there was no reduction of EF and CO detectable in
Cx3cr1CFP mice (Fig 1A and 1B). Additionally, we defined the cardiac index (CO/body-
weight) relating heart performance to the size of the corresponding animal, to exclude poten-
tial influences of animal weight to the results, and observed significantly better left ventricular
function in Cx3cr1°™”“*F mice compared to Wt mice 21 days after TAC (Table 1). Merely,
ESV (end-systolic volume) and EDV (end-diastolic volume), parameters related to systolic
and diastolic cardiac function, were significantly reduced in response to pressure overload in
Cx3cr1/SFP mice. These findings indicate that Cx3cr1 ™" mice react to TAC induced
pressure overload but do not develop severe impairment of LV function and signs of heart
failure.

mice were subjected to a minimal-invasive mouse model of TAC
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Fig 1. Cx3cr1S""/S*P mijce exhibit a cardioprotective phenotype in response to chronic pressure overload. Using pressure
volume measurement, the cardiac function of Cx3cr1®**’%** mice and Wt mice was evaluated 21 days after TAC or sham
operation. (A, B) Ejection fraction and cardiac output are depicted as plots, more information is provided in Table 1. N = 6-8
mice/group; * above individual columns indicate significant differences between TAC and respective sham group; *P <0.05,
**P<0.01, *** P<0.001.

https://doi.org/10.1371/journal.pone.0243788.9001

3.2 CX3CRI1 signaling modulates the development of LV hypertrophy

Heart-Weight/Body-Weight-Index (HW/BW-Index) was calculated to evaluate the develop-
ment of cardiac hypertrophy. Myocardial hypertrophy represents a cardioprotective mecha-
nism in adaptation to pressure overload, when compared to CX3CR1 competent C57BL/6
mice (Wt), Cx3cr1°"”*F mice demonstrated with significantly less hypertrophy which did
not exceed sham levels at any timepoint (Fig 2A).

These results were confirmed by determination of aldolase expression in LV tissue, whose
expression activity is known to correlate with the degree of hypertrophy [22]. While Wt ani-
mals showed a significant increase of aldolase expression 3 and 6 days after TAC, the expres-
sion in Cx3cr1“*”“F¥ mice did not change, corroborating the finding that cardiac hypertrophy
is attenuated in the absence of CX3CR1 signaling (Fig 2B). Besides, we analyzed the kinetic of
brain natriuretic peptide (BNP) which is predominantly produced by cardiac atria and ventri-
cles in response to increased cardiac stretch. Levels of BNP are powerful predictors of ventricu-
lar dysfunction and mortality [23]. Pressure overload caused a significant increase in left
ventricular BNP expression at day 6 after TAC in Wt animals compared to Cx3cr1*“** mice
and controls respectively. Cx3cr1 ™ “*F mice also presented with a significant elevation of
BNP expression at day 6 after TAC compared to controls (Fig 2C). At day 3 after TAC the ele-
vation of BNP expression did not reach the level of significance.

We shed light on the cellular level and investigated cardiomyocyte size using cross-sectional
area planimetry of Picrosirius Red-stained cardiomyocytes (Fig 2D): according to the above-
mentioned data, it unraveled significantly enlarged cardiomyocytes in Wt animals 21 days fol-
lowing TAC intervention, whereas in Cx3cr1”“** mice TAC did not cause any noteworthy
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exemplary individual cardiomyocytes; scale bar indicating 50um. Quantification of cardiomyocyte size by area planimetry; n = 5-6 mice/group, 4 slides per mouse
were randomly analyzed by manual cell count of at least 50 cells/slide and mean was used for statistical analysis. * above individual columns indicate significant
differences between TAC and respective sham group; **P<0.01, *** P<0.001, ****p < 0.0001.

https://doi.org/10.1371/journal.pone.0243788.9002

increase in cardiomyocyte size (Fig 2D). Taken together, these findings support our hypothesis
that development of myocardial hypertrophy is modulated by CX3CR1"€" Ly6C'*"

macrophages.

3.3 CX3CR1 deficiency drives an early pro-inflammatory phenotype in the
cardiac immune response

Time-points for the analysis of the immune response were chosen according to our

recent findings highlighting that pressure overload induced a significant accumulation of
CX3CR1"8" Ly6C'*" macrophages within the first week following TAC intervention [10]. We
determined the influence of fractalkine receptor expression in the orchestration of the cardiac
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immune response characterizing the reaction of the immune system in response to pressure
overload in Cx3cr1“"*F mice starting with an overlook for monocyte dynamics in spleen
and blood. In response to pressure overload, neither Wt, nor Cx3cr1“*"“** mice displayed
any significant changes in Ly6C'®" macrophage number in the spleen compared to sham. But,
comparing both genotypes, Cx3cr1“""/** mice present with significantly reduced Ly6C'*"
macrophage numbers indicating that the splenic reservoir of Ly6C'°" macrophages is influ-
enced by CX3CR1 signaling [24]. This situation is also reflected in the blood. The number of
197P/CFP mice compared to Wt mice.
However, CX3CR1 deficiency caused a significant increase in Ly6C"™8" monocyte numbers in

Ly6C'°™ monocytes is significantly reduced in Cx3cr

the blood in response to pressure overload 3 days after TAC compared to Wt mice and respec-
tive sham (Fig 3B). Wt mice also presented with increased Ly6C"'8" monocyte numbers in
response to TAC. But we observed a 3-fold increase of Ly6C™#" monocytes in CX3CR1 defi-
cient mice whereas in Wt mice the number of these cells increased only 1.7-fold.

In the myocardium, blocking of CX3CR1 expression disrupted the normal Ly6C'™™ macro-
phage driven immune response resulting in significantly increased Ly6C'*™ macrophage num-
bers only 6 days after TAC compared to the sham group and with considerably lower cell
numbers compared to Wt (Fig 3C). Opposing to these findings, we observed increased num-
bers of Ly6C"8" macrophages and neutrophils in the LV myocardium of Cx3cr1 " mice
at day 3 and 6 after TAC compared to the respective Wt groups and sham control. The number
of Ly6C™8" macrophages in Wt mice was significantly elevated only at day 3 after TAC com-
pared to sham controls and reached baseline level on day 6 whereas neutrophils did not
increase significantly at any time-point (Fig 3D and 3E).

The immune reaction in the hypertrophic heart was further portrayed investigating the pro-
tein expression of cytokines and chemokines, known to mediate inflammation and leukocyte
recruitment. Here, impaired CX3CR1 signaling caused an increase in pro-inflammatory cyto-
kine levels in LV tissue. The protein concentration of IL-6 and IL1-f increased significantly in
Cx3cr1™/S* mice compared to Wt and respective sham 3 and 6 days after TAC. In Wt mice
the kinetics of IL-6 and IL1-B was less impressive, reaching the level of significance only at day
3 (IL-6) but on day 3 and 6 (IL1-B) after TAC in Wt mice compared to sham (Fig 3F and 3G).

Various molecules are involved in monocyte chemotaxis and attraction. Among these,
CCL2 is modulating the recruitment of Ly6C™#" CCR2* monocytes, which is of interested
with regard to Ly6C™&" monocyte kinetics in Cx3cr1 ™ “*F mice during pressure overload.
Blocking of CX3CR1 signaling was accompanied by a significant increase in CCL2 levels 3 and
6 days after TAC compared to sham controls. Noteworthy, CCL2 concentration increased
4-fold on day 3 in Cx3cr1“*”“** mice while Wt mice exhibited a weaker, but significant
increase of CCL2 at the same time. While CCL2 concentration peaked on day 3 in Cx3cr
S mice and decreased thereafter, it remained elevated in Wt mice after 6 days compared to

1 GFP/

respective sham (Fig 3H). Furthermore, the concentration of IL-10 protein in LV tissue was
determined, as it is known to improve post MI repair and macrophage polarization [25]. A
deficiency in CX3CR1 signaling influenced IL-10 concentration causing significantly lower IL-
10 levels in the LV tissue of Cx3cr1“"”“F mice compared to Wt mice 3 days after TAC.
Though, IL-10 levels significantly increased in Cx3cr1“*“" mice and Wt animals at both
time-points after TAC in comparison with the respective sham controls (Fig 31).

In the next step, we investigated the origin of the increased Ly6C™¢" macrophage number
in the heart tissue of Cx3cr1°F¥/°FF mice, which could be either driven by CCL2-CCR2 medi-
ated recruitment from the circulation, or by local proliferation within the myocardium.
Therefore, we examined local immune cell proliferation in response to pressure overload per-
forming BrdU assays. However, we could not detect TAC induced differences in proliferation
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Fig 3. CX3CR1 deficiency drives the immune response to a pro-inflammatory phenotype during chronic pressure overload. Quantification
of Ly6C'°" F4/80" macrophages in the spleen and of (B) Ly6C®" and Ly6C™8" CD115" monocytes in the blood of Wt and Cx3cr1“*%** mice
determined by flow cytometry 3 and 6 days after TAC and sham ioperation. (C-E) Number of neutrophils, LysC'°™ and Ly6C8" macrophages
in the LV tissue was determined by flow cytometry analysis in Cx3cr1"*S** and Wt mice 3 and 6 days after TAC and sham operation. The
particular cell subsets were defined as follows: neutrophils as CD45" F4/80” Ly6G* macrophages as CD45* F4/80" Ly6G ; Ly6C™*¢" and Ly6C'*™
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macrophages were further discriminated according to the respective Ly6C surface expression; (F-I) Concentrations of the pro-inflammatory
cytokines IL6 and IL-1, the chemokine MCP1 and IL-10 were determined in LV tissue homogenates at day 3 and 6 after surgical intervention in
Cx3cr197/SFP and Wt mice using ELISA assays. (J-M) BrdU content of cardiac Ly6C"8" and Ly6C'®" macrophages was determined by flow
cytometry analysis at day 3 after TAC. BrdU was administered 18h before analysis. Histograms are based on concetenated plots of 4 mice.

N = 6-8 mice/group; * above individual columns indicate significant differences between TAC and respective sham group; “P <0.05, **P<0.01,
*** P<0.001, ****p < 0.0001.

https://doi.org/10.1371/journal.pone.0243788.9g003

19FP/GFP hice and Wit

of neither Ly6C'", nor Ly6C"#" macrophages in the LV tissue of Cx3cr
mice (Fig 3]-3M).

Taken together, these data highlight that CX3CR1 expression balances the immune
response in the heart. A lack of CX3CR1 dependent recruited cells drives the immune

response towards an early pro-inflammatory phenotype.

4 Discussion

Chronic pressure overload caused by systemic arterial hypertension or aortic valve stenosis
initiates processes which can adversely support tissue remodeling and cardiac function. Nor-
mally, myocardial hypertrophy represents a cardioprotective mechanism in adaptation to pres-
sure overload. However, many inflammatory mechanisms become harmful in the course of
this disease potentially culminating in terminal heart failure [5, 6]. We are aware that the car-
diac immune response differs depending on the underlying causes. This suggests that develop-
ment of new therapeutic strategies demands a thorough understanding of the underlying
mechanisms of the cardiac immune response and its correlation to cardiac tissue remodeling.

In this study, we were able to demonstrate that fractalkine receptor CX3CR1 expression is
essential in the development of LV hypertrophy and heart failure in response to pressure
overload.

The CX3CL1/CX3CRI1 axis mediates recruitment and extravasation of CX3CR1-expressing
subsets of leukocytes and plays a pivotal role in the inflammation-driven pathology of cardio-
vascular disease. We investigated the role of CX3CR1 in the development of pressure overload
induced LV hypertrophy examining Cx3cr1“*”“** mice, which are deficient for CX3CR1
[26]. CX3CR1 is ubiquitously expressed on most tissue macrophages and DCs but does not
play a major role for their ontogeny, homeostatic migration, or colonization of tissues with
resident phagocytes [27]. Our latest results showed that a pressure overload induced immune
response is characterized by the accumulation of Ly6C'*" CX3CR1™¢"
the immune reaction in chronic cardiac impairment [10]. The expression of CX3CR1 on
other, than immune cells in the heart was excluded by flow cytometry analysis of CD45"°&*%"
cells (S2 Fig). We can confirm that CX3CR1 deficient mice present significantly reduced num-
bers of Ly6C'®" macrophages in the spleen and Ly6C'®™ monocytes in the blood compared
with Wt animals [26]. In the heart of Cx3cr1°FF/FP
phages were accompanied by increased numbers of pro-inflammatory neutrophils and
Ly6C"€" macrophages in response to pressure overload. We suppose that the accumulation of
Ly6C"€" macrophages in the heart is due to enhanced CCL2 driven recruitment of Ly6C™&"
CCR2" monocytes from the circulation in the absence of CX3CR1. This presumption is cor-
roborated by the measurement of increased CCL2 concentrations in the homogenates of LV
tissue from CX3CR1 deficient mice. A similar phenotype was observed in mice deficient for
Nr4al, an obligate transcription factor for Ly6C'®™ monocytes, in a model of myocardial
infarction. Absolute numbers of Ly6C™®" and Ly6C'" macrophages were increased in the
myocardium on day 7, and global macrophage transcription was skewed towards a pro-
inflammatory phenotype [28]. We assume that the elevated number of Ly6C'®" macrophages

macrophages labeling

. 1
mice, a low number of Ly6C**" macro-
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in LV tissue at day 6 after TAC in CX3CRI1 deficient mice points to a local conversion of
recruited CCR2" Ly6C"8" monocytes to Ly6C'®" macrophages. Further differentiation of
monocyte derived macrophages in the heart can lead to a reduction in Ly6C expression and
consequently to an increase in Ly6C'®" macrophages in the tissue [28]. Our advanced flow
cytometry approaches revealed that the source of Ly6C™€" and Ly6C'®" macrophages in the
first week after TAC is not local proliferation.

The pro-inflammatory phenotype we observed in the early phase of hypertrophy develop-
ment characterized by increasing pro-inflammatory immune cell numbers was supported by
increased concentrations of the pro-inflammatory cytokines IL-6 and IL-1B and a reduced
expression of pro-remodeling/anti-inflammatory cytokine IL-10 in myocardial tissue. The
reduced levels of IL10 in the heart of CX3CR1 deficient mice might be due to the low number
of Ly6C'®™ macrophages we observed. Ly6C'®" macrophages or M2 macrophages are known
to release IL-10 in response to cardiac injury to suppress inflammation and activate profibrotic
processes [25]. Our data highlights that the normal immune reaction in the development of
LV hypertrophy is disrupted in the absence of CX3CR1 skewing the immune response toward
pro-inflammation. The evaluation of inflammation as beneficial or harmful has to be corre-
lated to the course of disease (chronic vs. acute), the respective organ and of course the point
of time the results are generated. In this project we had a kinetic which allowed us to observe
the acute response, the start of remodelling and a later remodelling time point. In the context
of brain ischemia, CX3CRI1 deficiency exhibited beneficial effects due to the limited recruit-
ment of Ly6C'*™ iNOS* monocytes [29]. In a mouse model of myocardial infarction, the treat-
ment with anti-Fraktalkine-antibody turned out to be cardioprotective, reducing adverse
tissue remodeling and macrophage migration [30]. More research is needed to clarify the car-
dioprotective effect of inflammation in the development of LV hypertrophy.

GFP/GFP mice eluci-

Our investigations focusing on the morphology of the heart in CX3CR!
dated that the cardiomyocytes presented with abrogated hypertrophy following TAC, which
was reflected by constant HW/BW-Index, reduced levels of Aldolase and BNP and unchanged
left ventricular function. These findings emphasize the hypothesis that the absence of CX3CR1
supports better adaptation of the myocardium to stress.

Taken together, our data suggests that CX3CR1 deficiency decreases susceptibility of the
myocardium to hypertrophic damage, therefore preserving myocardial function; the underly-
ing mechanisms seem to involve increased and timely inflammatory response.

CX3CRI expression impacts the immune response in the development of LV hypertrophy
and its absence has clear cardioprotective effects. Hence, suppression of CX3CR1 may be an
important immunomodulatory therapeutic target to ameliorate pressure-overload induced
heart failure.

Supporting information

S1 Fig. Time scale of the experimental setting. Animals were analyzed 3, 6 and 21 days fol-
lowing surgical intervention. PV catheter measurement was performed at day 21.
(DOCX)

S2 Fig. Schematic view of transverse aortic constriction. The lumen of the aortic arch is
restricted with the help of a standardized spacer and fixed with a suture.
(DOCX)

S3 Fig. Exemplary gating strategy of LV tissue. Gating of cells of interest was performed
according to beads granularity and size (6pm) (A) excluding trash, myocytes and myocyte
fragments. Firstly, single cells were gated excluding doublets (B). Next, living cells were
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isolated (C). Living CD45+ immune cells (D) were differentiated according to Ly6G and F4/80
surface expression (E). Ly6G+ F4/80- neutrophils and F4/80+ macrophages were defined.
Concatenated plots of 3 individual samples were used.

(DOCX)

$4 Fig. Exemplary gating to define Ly6C™8" CX3CR1" and Ly6C'*" CX3CR1™" macro-
phages in the LV tissue. Concatenated plots of 3 individual samples.
(DOCX)
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