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Inflammation als therapeutischer Ansatzpunkt bei Hezinsuffizienz

2. Summary

2.1.1 Abstrakt

Inflammation spielt eine wesentliche Rolle bei &mtstehung einer Herzinsuffizienz, deren
Pravalenz stetig ansteigt. Trotz der derzeit vdyfiign effektiven pharmazeutischen
Behandlung, welche auf die neurohumorale Aktivigruabzielt, ist die Morbiditdt und
Mortalitat der Herzinsuffizienz noch immer erhehlieveshalb neue therapeutische Strategien
bendtigt werden. Aufgrund der Bedeutung der Inflation fur die Pathogenese der
Herzinsuffizienz bestand das Ziel dieser gesamteudi& darin, das anti-inflammatorische
Potenzial verschiedener Strategien in zwei akutenodéden zu untersuchen:
Lipopolysaccharid (LPS)- und Coxsackievirus B3 (GyBinduzierte Inflammation. Das
Potenzial des Lipoproteins hoher Dichte (HDL) ureines wichtigsten Apolipoproteins
(Apo), Apo A-I, welche fur ihre anti-inflammatorisen Eigenschaften bekannt sind, die LPS-
induzierte Inflammation zu reduzieren und dererfl&ss auf das angeborene Immunsystem,
insbesondere auf den Toll-like Rezeptor (TLR) 4n8lgeg, wurden in der ersten Studie
aufgeklart. Die zweite und dritte Studie dienten Bealuation des Potenzials mesenchymaler
Stromazellen (MSCs) bzw. der erst kirzlich idenigiten und aus dem Herzen gewonnenen
adharenten proliferierenden Zellen (CAPs), die CM@8izierte inflammatorische
Kardiomyopathie zu reduzieren. Die Wirkungsweise WASCs und CAPSs, speziell deren
immunmodulatorische Effekte, und der Einfluss adlammatorischen Umgebung auf deren
Funktionalitat wurden analysiert. Apo A-1 Gentrarsfvor der Anwendung von LPS
reduzierte die TLR4 Antwort in der Lunge. Dies auwBesich in einer verminderten
Infiltration von Neutrophilen in die Lunge, Anzalah Lungentédemen und verminderter
Mortalitéat. Die in vitro Zugabe von HDL oder Apo A-l1 zu Endothelzellen vdem
Hinzufligen von LPS reduzierte die Expression undanént von TLR4 unabhangig von der
Bildung von HDL-LPS Komplexen. Sowohl MSCs als ay€APs bendtigten Interferon-
um die CVB3-induzierte Apoptose der Kardiomyozysmwie die Aktivitat mononuklearer
Zellen (aus der Milz)in vitro zu reduzieren. Gleiche Ergebnisse, wie die Rednkder
kardialen Apoptose/Verletzungen als auch der kbadigAktivitdt mononuklearer Zellen
wurden auchin vivo erzielt und fuhrten zusatzlich zur Verbesserung Herzkontraktilitat.
Abschlie3end ist zu sagen, dass die anti-inflamnsatfoen Effekte des HDLs eine Reduktion
4



der (endothelialen) TLR4 Expression und Antwortinbeitet. Weiterhin wurde gezeigt, dass
MSCs und die den MSCs ahnlichen CAPs die CVB3-imte inflammatorische
Kardiomyopathie verbessern. Zudem konnte nachgewiegerden, dass sowohl MSCs als
auch CAPs die inflammatorische Umgebung zur Akiiung ihrer
kardioprotektiven/immunmodulatorischen Effekte kieggn. Weitere Studien in (anderen)
Modellen der Herzinsuffizienz sind notwendig, ums dBotenzial dieser Strategien zur
Behandlung dieser Krankheit abschlieRend beurteiligkdnnen.



Inflammation as a therapeutic target in heart failure

2.1.2 Abstract

Inflammation plays a major role in the developmehtheart failure which prevalence is
increasing. Despite the current effective pharmtcalu treatment, which targets the
neurohumoral activation, the morbidity and monaldf heart failure is still substantial,
urging for the search of novel therapeutical sgig®e Given the importance of inflammation
in the pathogenesis of heart failure, the aim @ tumulative study was to investigate the
potential of different strategies to counteractlamfmation in two severe models of
inflammation: lipopolyssacharide (LPS)- and Coxsagkus B3 (CVB3)-induced
inflammation, in view of finding a novel anti-inflamatory strategy for the treatment of heart
failure. The potential of high-density lipoproteitdDL) and its main apolipoprotein (apo),
apo A-l, which are known for their anti-inflammagoproperties, to reduce LPS-induced
inflammation and their impact on the innate immusystem, on Toll-like receptor (TLR) 4
signalling, were elucidated in the first study. Téecond and third study were directed at
evaluating the potential of mesenchymal stromalsc@SCs) and the recently identified
cardiac-derived adherent proliferating cells (CARs)educe CVB3-induced inflammatory
cardiomyopathy, respectively. The mode-of-actionM$BCs and CAPs, particularly their
immunomodulatory effects, and the impact of thelamimatory environment on their
functionality were analyzed. Apo A-l gene transfgeceding LPS administration reduced
TLR4 signalling in the lung, which was reflected by attenuation in lung neutrophil
infiltration, lung oedema, and mortalityn vitro, supplementation of HDL or apo A-I to
endothelial cells prior to LPS reduced TLR4 expassnd signalling, independently of the
formation of LPS-HDL complexes. MSCs as well as GAfere able to reduce the CVB3-
induced cardiomyocyte apoptosis and activity ofigisig) mononuclear cellsn vitro for
which they required interferon- These findings werén vivo translated by a reduction in
cardiac apoptosis/damage and mononuclear cellitgcand by an improvement in cardiac
contractility. In conclusion, we demonstrated thia¢ anti-inflammatory effects of HDL
comprise the reduction in (endothelial) TLR4 expi@s and signalling. Furthermore, we
showed that MSCs and the MSC-like CAPs improve CMBRIced inflammatory
cardiomyopathy and that MSCs and CAPs require fiannmatory environment to exert

their cardioprotective/immunomodulatory effectsrthar studies in (other) models of heart



failure are still required to further assess thteptial of those strategies for the treatment of

heart failure.

2.2 Introduction

Heart failure is one of the most common causes mbidity and mortality worlwide and its
prevalence is increasingexperimental and clinical studies have consisted#ynonstrated
that inflammation is a major trigger in the devetwmt of heart failure®. On the other hand
promising results of preliminary studies with eagti-tumor necrosis factar-therapy, have
lacked positive clinical outcomes in large randaediztudies with patients with heart failure.
These results urge for the development of noveliafiammatory strategies that may involve
a broader spectrum of inflammatory mediators.

Innate immunity is characterized by a natural selamf germ-line encoded receptors, which
focus the host response to highly conserved pathagsociated molecular patterns (PAMPS)
shared by many micro-organistisToll-like receptors (TLRs), a group of PAMP reaitipn
receptors, play an important role in innate immsignalling in response to microbial and
viral infection. TLR4 is the main protein involvéu recognizing lipopolyssacharide (LP$Y
present in Gram-negative bacteaad is of importance in the pathogenesis of differ
cardiovascular disordétd including inflammatory cardiomyopattfy’. In Coxsackievirus
B3 (CVB3)-induced inflammatory cardiomyopathjne expression of TLR& and of its
adaptor moleculenyeloid differentiation factor (MyD)88 are augmenteth the heart and
consequentlypromote a burst of pro-inflammatory cytokindsterestingly, TLR4® and
MyD88-deficient? mice infected with CVB3 develop significantly red acute myocarditis
and have reduced levels of pro-inflammatory cytekinn the heart compared to CVB3-
infected control mice. A recent study demonstrdked in response to CVB3-infection, genes
involved in cholesterol metabolisms are upregulaeded that the low-density lipoprotein
(LDL) transfer and oxidation in macrophages is ewmea, leading to the production of
mediators increasing the pro-inflammatory respthse

High-density lipoproteins (HDL) and its main apalpotein (apo), apo A-l, are besides their
central role irreverse cholesterol transport alsmwn for their anti-inflammatory properties.
However, a direct role of HDL or apo A-l in innat@munity regulation in LPS-induced
inflammation has not yet been investigated. Therggnowing experimental and clinical

support**for the application of cellular transplantationaastrategy to improve myocardial



function. Mesenchymal stromal cells (MSCs) haved-apoptotic¢®, anti-fibrotic’ and pro-
angiogenic features. Especially, their immunomouud® properties and their low
immunogenicity®, allowing the use of allogeneic MSCs for cliniegplicatiorf’ make them
attractive candidates for the treatment of inflartonacardiomyopathy, given the importance
of the inflammatory component in this disorder. &gty, novel cardiac-derived cells from
human cardiac biopsies, cardiac-adherent prolifegatells (CAPs), which share properties
with MSCs, have been isolated and identittetf.

2.3. Aim

The aim of this cumulative work was to investigtte potential of different strategies, gene
transfer and (stem) cell transfer, to counteradlammmation in two models of severe
inflammation. In detail, the aim of the first stuasas to evaluate the potential of gene transfer
with apo A-l to reduce LPS-induced inflammation dodelucidate underlying mechanisms.
The purpose of the second and third study wasviesiigate the potential of MSCs and of the
MSC-like CAPs, respectively, to reduce CVB3-indugefiammatory cardiomyopathy. The
mode-of-action of MSCs and CAPs, particularly themmunomodulatory effects, and the

impact of the inflammatory environment on theirdtianality were analyzed.
2.4 Methods/experimental design

Eight-week-old male C57BL/6 mice were intravenoughy.) injected with 5x1& particles of
the E1E3E4-deleted adenoviral vectathapoA-1, expressing human apo A%l As controls,
age-matched C57BL/6 mice were injected with the esatose ofAd.Null, containing no
expression casseffe Fourteen days hereafter, LPS frdncoli, serotype 055:B5 (Sigma,
Steinheim, Germany), was intraperitoneally (i.pjected at a dose of 80 mg/kg. Mice were
sacrifice 20 hours (h) after LPS injection. LungR4_expression as well as localisation of
TLR4 in lung endothelial cells and neutrophils wadetermined by immunohistology. In
addition, mRNA expression of lunfLR4, MyD88, Toll/IL-1R-containing adaptor inducing
interferon g (TRIF) and ribosomal protein L32 was analysed by real-time PCR and lung
myeloperoxidase activity was quantifiglah vitro, human microvascular endothelial cells-1
(HMEC-1) were incubated in the presence or absefddDL (50 ug/ml) or apo A-I (35
ug/ml) for 24 h. Next, LPS (100 ng/ml) was suppletednn the absence of HDL or apo A-I
for 2 h for TLR4 flow cytometry analysis afyD88 mRNA expression analysis or for 4 h
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for NF«B activity analysis.

Human adult MSCs were isolated from iliac cresteéonarrow aspirates of normal male
donors (n=6) after their written approval and chteazed by flow cytometry analysis
according to Bingeet al ?*. To investigate whether MSCs can be infected @#B3, MSCs
were serum starved or exposed to CVB3 at a muw#pbn of infection (m.o.i.) of 5 for 1 h.
Next, cell morphology, cell viability, and CVB3 RN&opy number were evaluated 4 h, 12 h,
24 h, and 48 h after serum starvation/infection please contrast pictures, MTS viability
assay, and real-time PCR, respectively. Next, terdeéne whether MSCs can protect against
direct CVB3-induced cardiomyocyte damage, MSCs wareultured with uninfected or
CVB3-infected HL-1 cardiomyocytes at a ratio of 1IS® to 10 HL-1. The effect of MSC
supplementation on CVB3-induced HL-1 cardiomyocg@optosis, oxidative stress, and
virion progeny release was determined via annexitA¥XD flow cytometry and caspase 3/7
activity analysis, DCF flow cytometry, and plaqueaas respectively. To analyse whether the
MSC-mediated effects were nitric oxide (NO)-depend®SCs were pre-treated with nitro-
L-argininmethylesterhydrochloride (L-NAME) for 24 Tho investigate whether MSCs require
IFN-y to exert their protective effects, MSCs were ctitwad with uninfected or CVB3-
infected HL-1 cells in the presence of 1 mg/mlwfi-enurine IFNy antibody. NOx and IFN-
levels in HL-1 monocultures as well as in co-cidgiwith MSCs were analysed. Furthermore,
the effect of IFNy supplementation on NOx production in uninfectedG\B3-infected
MSCs was evaluated.

In vivo, 1 MSCs or phosphate buffered saline (PBS) wa&’iin.6—8-week-old C57BL/6
mice 1 day after i.p. infection with 5 x A@laque-forming units (p.f.u.) of CVB3 (Nancy
strain). Controls received PBS instead of CVB3. épewdays after CVB3 infection,
contractility parameters were analysed as descpbedously®.

Left ventricular (LV) damage, apoptosis, atumour necrosis factor-a (TNF-a) mRNA
expression were determined via haematoxylin edsimiag, TUNEL staining, and real-time
PCR, respectively. Furthermore, the effect of M$pligation on cardiac mononuclear cell
(MNC) proliferation/activation was evaluated vialetion of cardiac MNCs, followed by
carboxyfluorescein succinimidyl ester (CFSE)-stajnand flow cytometry. Finally, it was
evaluated how MSCs reduce the proliferation of C\i@iced CD4 and CD8 T cell
proliferation via (co)-culture of CFSE-labelled apic MNCs stimulated with inactivated
CVB3, with or without MSCs (untreated or pre-trehteith L-NAME for 24 h) in the
presence or absence of 1 mg/ml of anti-murine yFMtibody, followed by CD4and CD8

T cell staining and flow cytometry.



CAPs were isolated from endomyocardial biopsiesridkom the right ventricular side of the
interventricular septufi. To study the potential infectivity of CAPs, thepeession of the
Coxsackie- and adenovirus receptor (CAR) and theeceptor DAF (CD55) on CAPs was
evaluated by flow cytometry. Chinese Hamster Ovaf@HO) cells overexpressing CAR and
HL-1 cells, since cardiomyocytes are the targdsadl CVB3, were used as positive controls.
CHO lacking CAR and fibroblasts, known to expreaydow CAR, were used as negative
controls. Next, CAPs were infected with CVB3 at aom of 5 for 1 h. Cell viability was
determined 4 h, 12 h, 24 h, and 48 h after CVB8&dtibn via a MTS assay. To assess whether
viral replication took place, the same timefram@erkment was performed and cells were
collected to determine CVB3 RNA copy number. Thealvireplication experiment was
performed in parallel with HL-1 cells. LVhterleukin (IL)-10 andIFN-y mRNA expression
was quantified via real-time PCR.

To determine the effect of CAPs on CVB3-infected-HLCAPSs were co-cultured with un- or
CVB3-infected DiO-labeled HL-1 cells and apoptosias assessed by Annexin V/7AAD
flow cytometry analysis. The effect of CAPs appiica on the proliferation of cardiac MNCs
as well as of CD4 and CD8 T cells from the spleen was measured with the CFSE
proliferation assay. To investigate whether tha-apbptotic and immunomodulatory effects
of CAPs were NO-dependent, CAPs were pre-treatdld the iNOS inhibitor L-NAME. To
determine whether CAPs need I+ mediate their effects in an IL-10-dependent mean
CAPs were co-cultured with HL-1 cells or MNCs, resfively, in the presence of an anti-
murine IFNy or anti-human IL-10 neutralizing antibody, resjpesly. To study the effect of
IFN-y stimulation on the production of NOx and IL-10un- and CVB3-infected CAPs, NOx
and IL-10 were measured with a commercial NOx ask#iyand IL-10 ELISA Kkit,
respectively.

To study the effect of CAPs application on the pesgion of CVB3-induced myocarditis,®10
CAPs or PBS was i.f injected in 6- to 8-weeks-old C57BL/6 mice, oney dster i.p.
infection with 5 x 18 p.f.u. of CVB3 (Nancy strain) (CVB3-CAPs versus B3/ mice,
respectively). Uninfected controls received PBSead of CVB3. Seven days after CVB3
infection, hemodynamic parameters were analyzdlbwed by harvesting of the LV, which
was next snap-frozen for performing molecular kggloviral load analysisand immuno-
histochemistry. For the analysis of MNC prolifecatj the heart and spleen were isolated. To
evaluate the engraftment of CAPs after i.v. in@ttithe heart, spleen, lung, kidney, and liver
were isolated. To assess the anti-apoptotic effeictSAPsin vivo, the presence of cardiac

apoptotic cells was detected omuf thick heart sections of control and CVB3-infecieite
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receiving PBS or CAPs via TUNEL staining. Furtheryéhe caspase 3/7 activity in LV
homogenates of control mice and CVB3-infected mimgected with PBS or CAPs was
measured with a caspase-Glo 88ay kit. Cardiac damage was assessed via heratamxg
eosin staining on heart sections. The effect of €APplication on the percentage of T
regulatory cells, excluding the apoptotic T regugtcells was analysed via flow cytometry.
Mouse cardiac troponin-I levels were determinedmuarine serum with a mouse cardiac
troponin-1 ELISA kit. Levels of CAPs engraftment fissues were quantified by real time-
PCR withAlu specific primers.

2.5. Results

In vivo, HDL cholesterol increased 1.7-fold (p<0.005) amalgl endothelial TLR4 expression
decreased 8.4-fold (p<0.005), 2 weeks after apo d@ehe transfer. Following LPS
administration in apo A-1 gene transfer mice, lUihdr4 and lungMyD88 mRNA expression,
reflecting TLR4 signalling, were 3.0-fold (p<0.0&\d 2.1-fold (p<0.05) lower, respectively,
than in LPS control mice. Concomitantly, LPS-inddideng neutrophil infiltration, lung
oedema and mortality were significantly attenuateibwing apo A-l transfer.In vitro,
supplementation of HDL or apo A-l1 to HMEC-1 24 hfdre LPS administration reduced
TLR4 expression by 2.6-fold (p<0.05) and 2.5-fqd&@.01) respectively as assessed by flow
cytometry analysis. Pre-incubation with HDL or afgd decreased the LPS-inducétiyD88
MRNA expression and NEB activity by 1.6-fold (p<0.05) and 2.0-fold (p<@)0
independently of the formation of LPS-HDL complexes

Phase contrast pictures and MTS viability assayatetnated that MSCs did not show any
significant changes in cell morphology and did swffer from CVB3 infection 4, 12, 24, and
48 h after CVB3 infection versus serum-starved MS©¥B3 RNA copy number decreased
in this time frame, suggesting that no CVB3 regi@atook place. Co-culture of MSCs with
CVB3-infected HL-1 cardiomyocytes resulted in a-thl2l reduction of CVB3-induced HL-1
apoptosis (p<0.05) to levels not significantly di#nt from non-infected cells.
Supplementation of MSCs declined the CVB3-inducedpase 3/7 activity by 1.4-fold
(p<0.001) and reduced the CVB3-induced ROS prodocin HL-1 cells by 6.3-fold
(p<0.01), MSCs reduced the viral progeny releadefdd (p<0.01) in a NO-dependent
manner and diminished the viral progeny releasaeb\er, MSCs required priming via IFN-
y to exert their protective effects. Murine IRNtreatment in combination with CVB3

infection elevated the NO production in MSCs by-ftb@ (p<0.05), versus non-infected
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MSCs.Invivo, MSCs application improved the cardiac contragtdind relaxation parameters
in CVB3-induced myocarditis by a 1.5-fold (p<0.00@md 1.7-fold (p=0.001), respectively,
which was paralleled with a 3.2-fold (p<0.05) an@-®ld (p=0.0001) reduction in cardiac
apoptosis/damage and LNNF-a mRNA expression, respectively. MSCs reduced thdiaa
MNC activity in CVB3-infected mice

In vitro, supplementation of MSCs to MNCs isolated from spéeen of control and CVB3-
infected mice at a ratio of 1 to 10 reduced thetimated CVB3-stimulated division index of
CD4" and CD8 T cells from CVB3-infected mice by 2.5-fold (p<8)dand 2.5-fold (p<0.05),
respectively. MSCs exerted these anti-proliferag¥fects in an NO-dependent manner and
required IFNy priming for their activity.

With respect to CAPs, CAPs only minimally expres&RCas well as CD55 compared to
CHO-CAR+, CHO-CAR-, HL-1 cellsand cardiac fibroblasts. Moreover, the cell vidpibf
CAPs was not hampered by CVB3 infection. In pala@®B3 RNA copy number was only
minimally expressed in CVB3-infected CAPs in conpam to CVB3-infected HL-1 cells.
CVB3 copy number reduced over time in CAPs, whileGQVB3-infected HL-1 cells it
dramatically increased over time, indicative for B3/replication. CAPs decreased CVB3-
induced HL-1 apoptosis by 3.5-fold (p<0.05) in a@-Nand IL-10-dependent manner and
required IFNy priming. In line with ourin vitro findings, application of CAPs in an
experimental model of murine acute myocarditis oceducardiac apoptosis as shown by
TUNEL staining and as indicated by a 1.6-fold (849, decrease in caspase 3/7 activity to
levels not significantly different from controlsuithermore, plague assay demonstrated that
CAPs reduced CVB3 viral progeny release by 11-fp+D.05), an effect, which was blunted
in the presence of L-NAME or by blocking either hamIL-10 or murine IFN£ In vivo,
CAPs administration reduced cardiac viral load B/®Bld (p<0.05) as determined by plaque
assay on extracts of LVs from CVB3+PBS mice and G¥BAPs-injected miceln vivo,
CAPs application reduced the CVB3-induced proliierdactivity of cardiac MNCs in
murine acute CVB3-induced myocarditis by-2ofd (p<0.05), which was paralleled with less
cardiac damage compared to CVB3+PBS mice. In linéh vour in vivo findings,
supplementation of CAPs to MNCs at a ratio of 11 reduced the PMA/ionomycin-
stimulated division index of CD4and CD8 T cells from CVB3-infected mice by 2.7-fold
(p<0.01) and 2.3-fold (p<0.001), respectively. Téifect was less pronounced or abrogated
when CAPs were pre-treated with L-NAME or co-cudidiwvith MNCs in the presence of an

IFN-y or IL-10 neutralizing antibodyin vivo, CAPs increased the percentage of T regulatory
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cells and of apoptotic CD4and CDS8 T cells in CVB3-infected mice by 9.3-fold (p<0.05)
1.4-fold (p<0.01) and 1.5-fold (p<0.01), respedive.V IL-10 andIFN-y mRNA was 1.7-
fold (p<0.005) and 2.9-fold (p<0.05) increased iWB3-infected CAPs versus CVB3-
infected mice receiving PBS. Murine IFNadministration raised IL-10 production by 3.8-
fold (p<0.005) in non-infected CAPs, whereas ILgt0duction was 6.7-fold (p<0.01) higher
in CVB3-infected versus non-infected CAPs. CVB3etted mice injected with CAPs had
significantly improved cardiac contractility andadiolic relaxation compared with CVB3-
infected mice receiving only PBS, as indicated dylafold (p<0.05) increase in LV pressure
and a 1.3-fold (p<0.05) and 1.3-fold (p<0.01) impment in dP/dt.x and dP/diin,
respectively. In parallel, CVB3-infected mice irtiedt with CAPs had 2.0-fold (p<0.01) lower
serum concentrations of the biomarker cardiac mopd compared to PBS-injected CVB3-
infected mice. CAPs were retrieved in the heamg)ukidney, liver, and spleen, with the
highest entrapment found in the lung. Interestinghere was a 2.8-fold (p<0.05) higher
engraftment of CAPs in the heart of CVB3-infectedhpared to control mice.

2.6. Conclusion

In conclusion, we demonstrated that the anti-infteatory properties of HDL comprise the
downregulation of TLR4 signalling, with TLR4 beingportant in the pathogenesis of
different cardiovascular disorders. Furthermore,sivewed that MSCs as well as the MSC-
like CAPs improve acute CVB3-induced inflammatoryardiomyopathy involving
immunomodulatory effects for which they require HgNThe impact of HDL on TLR4
signalling and the immunomodulatory effects of MBIAPs support the use of HDL raising
strategies and MSC/CAPs cell therapy, respectividy, the treatment of heart failure.
However, further studies in (other) models of héaittire are still required to further assess

the potential of those strategies for the treatroéhieart failure.
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