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Abstract:

The role of lymphatic vessels in myocarditis igky unknown, while it has been shown to play
a key role in other inflammatory diseases. We aitoeitivestigate the role of lymphatic vessels
in myocarditis usingin vivo model induced with Theiler's murine encephalontiglvirus
(TMEV) andin vitro model with rat cardiac lymphatic muscle cells (RGCM In the TMEV
model, we found that upregulation of a set of imfitaatory mediator genes, including interleukin
(IL)-1B, tumor necrosis factor (TNFjand COX-2 were associated with disease activithiusT
usingin vitro collagen gel contraction assays, we decided tifclhe role(s) of these mediators
by testing contractility of RCLMC in response to-1B and TNFe individually and in
combination, in the presence or absence of: ILegptor antagonist (Anakinra); cyclooxygenase
(COX) inhibitors inhibitors (TFAP, diclofenac anduBP-697). IL-B impaired RCLMC
contractility dose-dependently, while co-incubatiaith both IL-13 and TNFe exhibited
synergistic effects in decreasing RCLMC contragtilivith increased COX-2 expression.
Anakinra maintained RCLMC contractility; Anakinrdobked the mobilization of COX-2
induced by IL-B with or without TNFe. COX-2 inhibition blocked the ILfl-mediated
decrease in RCLMC contractility. Mechanisticallye found that IL-B increased prostaglandin
(PG) E release dose-dependently, while Anakinra blocketifl mediated PGErelease. Using
prostaglandin E receptor 4 (EP4) receptor antagoms demonstrated that EP4 receptor
blockade maintained RCLMC contractility followingi-Lp exposure. Our results indicate that
IL-1B reduces RCLMC contractility via COX-2/P@Eignaling with synergistic cooperation by
TNF-o0. These pathways may help provoke inflammatory atediaccumulation within the

heart, driving progression from acute myocarditi® idilated cardiomyopathy.



1  Keywords: myocarditis, IL-B, TNF-a, COX-2, PGE, lymphatic contractility
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Abbreviations:

COX-1 = cyclooxygenase-1

COX-2 = cyclooxygenase-2

DCM = dilated cardiomyopathy

DMEM = Dulbecco's Modified Eagle Medium

ELISA = enzyme-linked immunosorbent assay

EP1 = prostaglandin E receptor 1

EP2 = prostaglandin E receptor 2

EP3 = prostaglandin E receptor 3

EP4 = prostaglandin E receptor 4

FBS = fetal bovine serum

HCI = hydrochloric acid

HF = heart failure

IACUC = Institutional Animal Care and Use Committee
ICM = ischemic cardiomyopathy

IFN-y = interferon-gamma

IL-1B = interleukin-1 beta

LEC = lymphatic endothelial cells

LSUHSC-S = Louisiana State University Health Sceen€Center-Shreveport
LYVE-1 = lymphatic vessel endothelial hyaluronanagtor 1
MI = myocardial infarction

NaOH = sodium hydroxide

NF-kB = nuclear factor kappa-light-chain-enhanafeactivated B cells
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PCA = principal component analysis

PGE = prostaglandin E2

PTGERL1 = prostaglandin E receptor 1 (subtype EP1)
PTGER2 = prostaglandin E receptor 2 (subtype EP2)
PTGERS3 = prostaglandin E receptor 3 (subtype EP3)
PTGER4 = prostaglandin E receptor 4 (subtype EP4)
PTGS1 = prostaglandin-endoperoxide synthase 1
PTGS2 = prostaglandin-endoperoxide synthase 2
RCLMC = rat cardiac lymphatic muscle cells

TFAP = N- (5-Amino-2-pyridinyl)-4-trifluoromethylbezamide
TMEV = Theiler's murine encephalomyelitis virus
TNF-a = tumor necrosis factor alpha

VEGFR3 = vascular endothelial growth factor recefto

VSMC = vascular smooth muscle cells
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Introduction

Myocarditis is an inflammatory disease of the nardeum, which can be triggered by
diverse infectious agents including bacteria, pggssfungi but most commonly, viruses (1, 2).
Myocarditis has been closely implicated with thethpgenesis of sudden deattilated
cardiomyopathy(DCM) and heart failure (HF) (3, 4). Despite manyestigations revealing
microvascular changes in myocarditis and DCM, nesemto the roles played by the lymphatic
vasculature in such cardiopathies has been conngyateglected (5).

The main function of the cardiac lymphatic syst&snto regulate interstitial fluid
pressure, thus maintaining tissue homeostasis @wmting myocardial edema (6). The cardiac
lymphatic system also plays an important role imume surveillance and recovery following
tissue injury in the heart (6). The cardiac lymphaetworks exist in all three layers of the heart
wall with lymph flowing from endocardium throughettmyocardium to the epicardium and
ultimately draining to the right lymphatic duct (Both “intrinsic” lymphatic contractions and
“extrinsic” tissue compressive forces contributegamerate a sufficient pressure gradient acting
to propel lymph centrally (8). To maintain a ungtitional lymph flow, lymphatic vessels have
the intrinsic ability to propel lymph by spontansarontractions within serially connected valve-
containing contractile subunits, called ‘lymphangio (9). Simultaneously, lymphatic vessels
exhibit tonic contraction that resembles the myogessponse in arterioles, which regulate
lymphatic vessel diameter, and hence lymphaticelessnpliance and resistance (10, 11).

It has long been assumed that cardiac lymph flopedds only on external compressive
forces generated during systole. During diastodsyever, cardiac lymph flow may also reflect
active contraction of lymphatics (12, 13), sincadac lymph flow is maintained during

conditions where cardiac contractility is impaired,g. myocardial ischemia, ventricular
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fibrillation and during anoxic cardiac arrest, cstent with forms of lymph propulsion,
independent of cardiac contraction (14-16).

Conversely, impaired cardiac lymph flow may papiéte in several forms of cardiac
injury such as DCM and HF (17-19). Inflammatoryp@sses in myocarditis include intense
myocardial edema and formation of inflammatory lirdies composed of lymphocytes and
macrophages, both of which can be associated withuraderlying lymphatic contraction
disturbance (20, 21). Myocardial edema has beem isegeveral forms of cardiac inflammation,
which is associated with increased myocardial lyriipév rate and decreased lymphatic outflow
resistance (22). On the other hand, recent stuthes shown that the contractile capacity of
collecting lymphatics in other organs is often im@a in inflammatory diseases (23). Several
other studies have also shown that inflammatoryiatexs can negatively regulate forms of
lymphatic contraction (24-26).

Inflammatory cytokines, particularly interleukitL)-1 beta @) and tumor necrosis factor
(TNF)-o have been shown to be produced very early duringl myocarditis and persist
throughout infection (27). High levels of plasmacalating IL-13 and TNFe are found in
patients with acute myocarditis, DCM and HF (28)abdition, some features of HF may arise,
at least in part, from the toxic effects of endages cytokine cascades within the heart (29).
Prolonged expression and accumulation of inflamnyatytokines play a role in driving the
progression from acute myocarditis into DCM; fadlwf the cardiac lymphatic pump to clear
inflammatory cells and cytokines in acute myocasdihay intensify accumulation of these
cytokines, which exacerbates tissue damage, leadibgM (30).

Previously, involvement of Iymphatics has been estigated in terms of

lymphangiogenesis, rather than the functional chang pre-existing lymphatics. In another
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form of cardiac injuriesmyocardial infarctionMl), lymphatic vessel density was increased in
the peri-infarction area 2 weeks after Ml in expemtal mouse model. This lymphatic
remodeling was also accompanied by high levelymiphangiogenic factors such as VEGF-C
and D, Prox-1, and LYVE-1 (49). Further studiesénahown that cardiac lymphatics undergo
significant lymphangiogenesis in response to mydieamjury in an experimental mouse model
of Ml (50). VEGF-C-treated mice exhibited neo-lynaplgiogenesis, which significantly
improved cardiac function and prognosis after M))(30n the other hand, there are only a few
reports on lymphatic vessels and lymphangiogerspaeses in DCM and myocarditis (19). One
report showed no difference in lymphatic densitypetients with chronic Chagasic (Chagas
disease mediated) cardiomyopathy that was chaizsterby the presence of chronic
lymphohistiocytic myocarditis, compared to contgdoup (51). Others showed increased
lymphatic biomarkers in ischemic cardiomyopathyMliCand DCM, but with different patterns
of the expression of these markers suggestingndtate forms of lymphatic remodeling that
may reflect influences of chronic myocardial intétal edema (22, 52). However, to what extent
such lymphangiogenesis may function as a competysatechanism to maintain tissue
homeostasis and reduce tissue edema and remodehmgpcarditis and DCM is unknown (19).
While lymphatic contractility has been studiedesdively in organs other than the heart,
i.e. intestine, far less is known about cardiacgiatic muscular contraction and its involvement
in myocarditis (31). Thus, in the current experitserwe first demonstrated the increased
expression levels of inflammatory mediators andpiatic biomarker genes in heartsvivo
during acute viral myocarditis induced with Thegemurine encephalomyelitis virus (TMEV).
Then, we tested how inflammatory cytokines couléecf tonic contraction of rat cardiac

lymphatic smooth muscle cells (RCLM®@)vitro. Here, we have for the first time demonstrated



1 that inflammatory cytokines, associated with mydd& pathophysiology, have a profound
2 depressive effect on cardiac lymphatic tonic canility and these events appear to involve

3 cyclooxygenase-2 (COX-2)/prostaglandin E2 (B&ignaling.
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Materialsand Methods
Ethical approval

All animal handling and experimental proceduresolawng the use of animals were
reviewed and approved by the Institutional Animar€ and Use Committee (IACUC) of
Louisiana State University Health Sciences Centee&port (LSUHSC-S) and were in

accordance to the National Institutes of Healtldgdor the care and use of laboratory animals.

Experimental murine acute viral myocarditis

Male 5-week-old C3H/HeN mice (Taconic Farms, HudsdiY) were used and
maintained on 12/12-hour (h) light/dark cycles tanslard animal cages with filter tops under
specific pathogen-free conditions in the animalectacility at LSUHSC-S. Mice were given
standard laboratory rodent chow and waitibitum. For induction of acute viral myocarditis,
5-week-old mice were infected with 2 x “Iglaque forming units (PFUs) of the Daniels (DA)
strain of TMEV intraperitoneally, as we describedvously (32, 33). Age-matched uninfected
mice were used as controls. Mice were monitoredveeidghed daily. On 7 days post infection
(dpi), five mice per group were anesthetized (is@fhe, Vedco, Saint Joseph, MO), and

subsequently sacrificed for cardiac tissue colbecti

Myocar dial gene expression
Hearts were homogenized in TRI Reae(olecular Research Center, Cincinnati,
OH), using the Kinematica PolytronTM homogenizein@mnatica, Bohemia, NY) (32). Total

RNA was extracted from homogenates, using the RNBEsi Kit (Qiagen, Valencia, CA), and
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DNase treatment was performed during RNA isolatiosing the RNase-Free DNase Set
(Qiagen). All samples were purified to an absoreaiatio (A260/A280) between 1.9 and 2.1.
For labeled cDNA fragments, 100 ng of total RNA #&eonverted using Poly-A RNA
Control (Affymetrix, Santa Clara, CA), AmbiBnWT Expression Kit (Life Technologies
Corporation, Carlsbad, CA), and Affymetrix propast DNA Labeling Reagent (Affymetrix)
(34). Labeled cDNA fragments were hybridized to tBeneChif Mouse 1.0ST Array
(Affymetrix) that includes 28,853 transcripts. Highized arrays were washed and stained using
the GeneChiP Hybridization Wash and Stain Kit (Affymetrix) arttie GeneChip Fluidics
Station 450 (Affymetrix), and scanned using the &zmif® Scanner 3000 (Affymetrix). Data
were visualized and quantified by the Affymetrixrf@€hiff Command Console (AGCC), and
normalized by Robust Multi-array Average (RMA), ngiExpression Consdlé (Affymetrix).
Fold changes were calculated as ratios of sigriakyaompared with age-matched controls. Log
ratios were calculated by the logarithm of fold mipas to base 2. Microarray results were
analyzed using the Ingenuity Pathway Anaf§gi®A, Ingenuity Systems, www.ingenuity.com),
NetAffx database (Affymetrix, www.affymetrix.comblex.affx), and Mouse Genome
Informatics (Jackson Laboratory, Bar Harbor, ME, wimformatics.jax.org/). The data have
been deposited into the Gene Expression OmnibuDjGEpository in National Center for

Biotechnology Information (NCBI) (Accession numb&SE53607) (32).

Principal component analysis (PCA)
Among the transcription data, we selected 12 gésamples, which have been described
as key inflammatory molecules and lymphatic markBfSA can reduce the dimensionality of a

data set consisting of a large number of intereelatariables, while retaining as much as
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possible of the variation present in the data 38}). (PCA was conducted as an “unsupervised”
analysis to test whether the variance of the 12 gapression levels among the 10 heart samples
could separate five infected versus five controhglas as distinct groups, using a Q-mode PCA
package ‘prcomp’ of R (36). We also calculated pheportion of variance of each principal
component (PC) and factor loading for PC1, thestadf which enable us to rank the 12 genes
based on positive or negative contribution to P@lues, as we described previously (32, 33,

37).

Rat cardiac lymphatic muscle cells (RCLMC) isolation and preparation

RCLMC were isolated from freshly excised heartdemped from healthy adult Sprague-
Dawley rats (Charles River Laboratories, Charlesg@). The ventricular epicardial surface was
superficially injected with ful of lymphazurin (1% isosulfan blue, Covidien, Nédaven, CT)
and sterilely incubated at 37°C for 45 minutes (nah 100% humidity. Epicardial lymphatic
vessels visualized by this approach were excissdecdted and then washed extensively with
Dulbecco's Modified Eagle Medium (DMEM) supplemeht@th 10% fetal bovine serum (FBS)
and 3% antibiotic/antimycotic. Tissue fragments evercubated in 0.2% collagenase (type II,
Worthington) in DMEM at 37°C for 2 hours (h). Celiere collected by centrifugation at 485 x
g and seeded onto tissue culture plate, where islahaells attached within 24 h. To remove
potential endothelial cell contaminants, confluémtd passage (P3) RCLSMC cultures were
treated with 50 mM L-leucine methyl ester (LLME,rBlyetech, Albany, OR) for 2 h in DMEM
supplemented with 10% FBS, 1% antibiotic/antimycatnd glutamine (supplemented DMEM)

(38). Adherent cell cultures were rinsed three siméth supplemented DMEM and cultures
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maintained in supplemented DMEM. Cultures reachedrgluent density of 80,000 cells/ém
and showed no reduction in proliferation over astel2 passages.

Unlike lymphatic endothelial cells (LEC), lymphatmuscle cells lack any specific
marker that differentiate them from vascular smoatiuscle cells (VSMC). However,
Muthuchamyet al. have shown that different types of smooth musgfgess various forms of
smooth muscle (SM) myosin heavy chains (MHC) arair ttunction can be explained based on
the relative content of various SM MHC isoforms )(3Bhus, we examined the relative content
of various SM MHC (SM A/B and/or SM 1/2) in our lated cells to further confirm their
lymphatic origin. Reverse transcription-polymerabain reaction (RT-PCR) was used to define
and measure possible SM MHC isoforms mRNA expressio RCLMC. As previously
described by Muthuchangt al. and similar to isolated cultured rat mesentenmgiatic muscle
cells, RCLMC also expressed SMA and SM1 isoformMbfC, but not SMB or SM2 (data not

shown) (39).

Collagen gel contraction assay

Type 1 collagen matrices were prepared as we prsljialescribed (26). Type | collagen
was prepared by stirring 100% isopropanol (Thernsbkt) -washed adult rat-tail tendons for 48
h at 4°C in sterile 4 mM acetic acid under constagitation. After filtration through a 250m
nylon filter (Spectrum Labs, Rancho Dominguez, Cg9lubilized type | collagen solution was
centrifuged at 19 g for 20 min at 4°C, aliquoted and stored at -2(Pfzen aliquots were then
freeze dried using a bench-top manifold freezetdfygllrock Technology, Kingston, NY), and

stored at -20°C for future use.
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On the day prior to experiments, dried collagen digsolved in cold 0.012 M HCI at
final concentration of 2.5 mg/ml, mixed gently &woid introducing bubbles) on a rocker at 4°C
overnight until all collagen re-dissolved into d ¢@.1% type | collagen gels). On the day of
experiments, RCLMC were harvested with trypsin-ED{®igma-Aldrich), and a total of
1.2x10 cells were re-suspended in 8 ml of supplementedEBIMincorporated into 3.2 ml of
0.1% type | collagen gels. Next, 0.8 ml of 5x PB® & ul 0.5 M NaOH was added to the
RCLMCl/type 1 collagen gel mix bringing the totallwme to 12 ml. Lastly, 50@l aliquots of
the RCLMCl/type 1 collagen gel mixture were seedtethtio 24 well plates (Thermo/Fisher) and

incubated at 37°C for 1 h to polymerize (26).

Cytokinetreatment and gel contraction image analysis

After polymerization,RCLMC were incorporated into 0.1% type | collageelsgat
50,000 cells/well and treated with 1 ml suppleméridMEM containing: recombinant human
IL-1B (5, 10 and 20 ng/ml, Thermo/Fisher, Waltham, MAd¢combinant human TNé&-(20
ng/ml, Thermo/Fisher, Waltham, MA), with or withoGOX inhibitors, COX-1 inhibitor IV N-
(5-Amino-2-pyridinyl)-4-trifluoromethylbenzamide FAP) 10° M (EMD Millipore, Billerica,
MA), diclofenac Na 0.2x18M (Sigma-Aldrich), DuP-697 (Cayman Chemical, Anrbar, M),
PGE 10°M (Cayman Chemical), IL-1 receptor antagonist, Anek 5 ug/ml (Kineret®, Sobi,
Inc., Ardmore, PA) or prostaglandin E receptor 4 antagonist GW627368X 01 and 10
"M (Cayman Chemical). All RCLMC/gels were then ggntletached from the edges of the
plates, and incubated for 4 days at 37°C in 7.5%.CO

Changes in RCLMC tonic contraction were monitored aligital photographs were

recorded daily over 4 days using a camera (Nikof,D#dkyo, Japan). At least five different
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culture of RCLMC were used to perform every singkperiment and each culture was used to
set up a minimum of 4 replicates (wells) per treaitndosage. The average of RCLMC
contraction for each treatment dosage were cakulilas the average of RCLMC in four wells
and represent a single n-value, the experiment rgpeated five times. All experimental
conditions and treatment doses were previouslynopgid based on our previously published
work (26). Gel contraction was measured as thegdhangel surface area on day 4 as a fraction

of its area measured on day 0, and normalizedtéonal controls, as described previously (26).

Western blotting

RCLMC were seeded in 6-well plates at 37°C in 7.6@, and incubated until fully
confluent. RCLMC were treated with supplemented DW&lone (control) or supplemented
DMEM plus IL-18 (20 ng/ml), TNFe (20 ng/ml), IL-BB (20 ng/ml) + TNFe (20 ng/ml), IL-B
(20 ng/ml) + Anakinra (ug/ml) or IL-18 (20 ng/ml) + TNFe (20 ng/ml) + Anakinra (ig/ml).
After 24 h, RCLMC were washed twice with PBS, colésl in 100ul reducing sample buffer
(45% Milli-Q water, 12% 0.5 M Tris-HCI, pH 6.8, 2%odium dodecyl sulfate (SDS), 15%
glycerol, 2% phenol red, Sigma-Aldrich)), 10®smercaptoethanol and protease inhibitor
cocktail (Sigma-Aldrich), sonicated, boiled for Imat 100°C and stored at -80°C.

After measuring total protein concentration (660 Rrotein Assay, Thermo/Fisher), 40
ug protein of each RCLMC lysate was subjected totedphoresis on 7.5% SDS-polyacrylamide
gels and transferred to nitrocellulose membranésgua transblot apparatus (Idea Scientific
Minneapolis, MN). Membranes were stained with Pane8 (Sigma-Aldrich) to verify protein
transfer, blocked overnight at 4°C with 5% nonifatk and were incubated with anti-COX-2

antibody (Cayman Chemical, 1:1,000 in 0.1% milk dew. Membranes were incubated for 1 h
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at room temperature (RT) before adding anti-ralgig (whole molecule)-peroxidase antibody
(Sigma-Aldrich, 1:1,500 in 0.1% milk) as a secordantibody for 1 h at RT. Enhanced
chemiluminescence (Pierce ECL Western Blotting 8abes Rockford, IL) was used to visualize

the blots, and the density of resulting bands nredsusing NIH Image-J analysis program (40).

PGE; ELISA

RCLMC were cultured in 6-well plates and incubatggB7°C in 7.5% Ce@until fully
confluent. Medium was replaced with supplementedEdMalone (control) or with IL-f (5, 10,
20 ng/ml), TNFe (20 ng/ml) or IL-B (20 ng/ml) + Anakinra (ug/ml). At 24 h, supernatants
were collected and stored at -80°C. B@GEncentrations were measured in supernatants asing
PGE ELISA kit (ENZO Life Science® Farmingdale, NY), arding to manufacturer's

instructions.

Immunofluor escent staining of cardiac lymphatics

Cardiac lymphatics and smooth muscle were visudlizgng immunofluorescence for
alpha-smooth muscle actin and lymphatic vasculadot#relial hyaluronic acid receptor-1
(LYVE-1). We embedded rat hearts in paraffin andlen&um thick sections. Antigen retrieval
was carried out in unmasking solution and heatmng pressure cooker for 20 min. After cooling
to room temperature for 20 min, slides were washid deionized water (twice, 5 min) with
gentle shaking. Slides were blocked with 5% goatiree(diluted with 1% milk in PBS) for 30
min and washed again with deionized water twiceSanin. Primary antibodies (rabbit anti-
LYVE-1, diluted 1:75)a-smooth muscle actin (SMA) (diluted 1:250) werepared in 1% milk

in PBS and 10Qu added to each slides and incubated overnighf@t 8econdary antibodies

17



FITC anti-rabbit (in donkey, dilution 1:250) and MM anti-mouse (donkey, diluted 1:250),

were added to slides. Slides were mounted in DA&Umting medium.

Statistical analysis

Data are presented as mean + standard error ohéla@m (SEM). Table 1 data analyses
were determined using the paired two-tailed Stusgld@rtest. Statistical analyses (GraphPad
Software, Inc., La Jolla, CA) were performed usorge-way ANOVA with Bonferroni test as

post-hoc test. Comparisons were considered statligtisignificant ap < 0.05.
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Results

LYVE-1 and SMA dual positive lymphatic vessels are abundant in the heart.

Since dual immunofluorescence for LYVE-1 with SMAncvisualize muscular lymphatic and
non-lymphatic vessels in the myocardium, we deteatescular lymphatic vessels that are dual
positive for LYVE-1 and SMA in the myocardium by nmunofluorescence to evaluate the
possible significance of these vessels in myochidi@ogy. Figure 1 shows dual stained
muscular lymphatic vessels (yellow and yellow aspwwer right panel) which were distinct
from LYVE-1/SMA" (red) vessels, and distinct from non-musculari@aphatics (green and
green arrows, lower right panel) (DAPI nuclearrstay is shown irFigure 1, lower left). While
lymphatics in the mammalian heart are well knowrcémtribute to normal cardiac structure
function, these muscular cardiac lymphatic vessely fulfill important functions in the control
of interstitial balance in the heart.

Inflammatory mediators have been shown to conteibatthe pathophysiology of human
and experimental myocarditis (27, 28). We have iptesly determined gene expression profiles
in hearts of mice with viral myocarditis (32). Henee used transcriptome data to compare
expression levels of inflammatory mediators anddigatic marker genes in hearts from TMEV-
infected mice with acute viral myocarditis (7 dping pairwise compariso éble 1). We
found significant upregulation of several inflamorgt mediator genes, including IB1TNF-,
COX-2 and EP4 receptor and down regulation of COX+11tl@ other hand, significant changes
in the lymphatic markers LYVE-1 and VEGFR3 were miiserved. We have previously
documented the induction of viral myocarditis ire¢k mice using the TMEV model which is

described in Omura et al. (66).
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PCA of inflammatory mediators and lymphatic marker s distinguishes between control and
myocar ditis mice

To determine whether a set of inflammatory medgtord lymphatic markers could distinguish
mice with myocarditis from controls, we conductddA? using transcriptome data of 12 genes,
shown inTable 1, in the hearts from control and myocarditis mita] 10 samples). In PCA,
each principal component (PC) is defined in an pastised manner, depending on the variance
of 12 gene expression levels among the 10 samplesfound that samples were separated
clearly into two distinct groups, control and myuatias groups, based on PC1 valy&sgure
2A). The proportions of variance of PCs showed that BxXplained 54% of the variance among
10 sampleqFigure 2B). To rank what genes contributed to the PC1 valuedetermined a
factor loading for PC1. We found that theng expression levels of three pro-inflammatory
cytokines [IL-18, interferon (IFN)-gammayf, and TNFe], IL-1 receptor 1, and three other
molecules: prostaglandin E receptor 2 (EP2), ER#t @@X-2 contributed to PC1 distribution
positively, while five gene expression levels, maarly COX-1, and lymphatic markers

(LYVE-1 and VEGFR3) contributed to PC1 distributinaegatively(Figure 2C).

IL-1p dose-dependently decreases RCLMC tonic contractility, while IL-1p receptor
antagonist Anakinra maintains RCLM C contractility

Among the molecules examined abomeivo, IL-1 and TNFe have been shown to be
increased during acute viral myocarditis (27), wsteéd whether these inflammatory mediators
would influence cardiac lymphatic muscle tonic caatility using ourin vitro collagen gel
contraction assay (26). ILBitreated gels exhibited significantly impaired RCCMtonic

contractility compared with control at 4 dpi (79283% vs. control, ***p < 0.001) Figure 3A),
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while TNF-o alone had no effect on RCLMC contractility. To kesde possible synergistic
interactions between ILfland TNFe, we studied combined effects of TNF+ IL-1B on
RCLMC tonic contractility, and found a significap#tnhanced relaxation compared with -1
alone (66.3+4% vs. control, **p < 0.001) (TNFe. + IL-1p vs. IL-18, # p < 0.001). Further, we
tested different doses of ILB1l and found a dose dependent effect of pfLdn RCLMC
contractility [5 ng/ml (91.1+2.2%, p < 0.05), 10 ng/ml (88.3+£1.2%, 5 < 0.01) and 20 ng/ml
(81.6£2%, *** p < 0.001) vs. control (20 ng/ml vs. 10 ng/mp# 0.05, 20 ng/ml vs. 5 ng/mi®
< 0.01)] Figure 3B).

We next tested if Anakinra could reverse the rdlaraeffect of IL-J3 on RCLMC.
When co-treated with Anakinra, RCLMC tonic contilitgt was p > 0.99) as well as ILBl+
TNF-a treated gels compared with control at 4 dpi (92.5% vs. control, p > 0.99F{gure

3A).

IL-1p and IL-1p + TNF-a increase COX-2 protein levels in RCLMC, while Anakinra
inhibits IL-1g-induced COX-2 expression.

In ourin vivo experiments, we also found increased COX-2 eximess the heart from
acute viral myocarditisTiable 1). Previous studies, including our own, have shokat IL-13
increases COX-2 protein levels in vascular, broacand mesenteric lymphatic smooth muscle
(26, 41, 42). To test whether I3induces the same effect in RCLMC, we examinedeffect
of inflammatory cytokines on COX-2 protein expressievels. IL-B-treated RCLMC showed a
nearly a 10-fold increase in COX-2 protein levalignsity values (arbitrary unit) = ILB1
154,152+26,313 vs. control, 15,240+4,927,p%« 0.01, while TNFe. had no effect on COX-2

levels. To test whether the synergy between fiLabhd TNFe that decreased contractility of
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RCLMC was related to increased COX-2 protein expoes we tested the effect of these
cytokines in combination on RCLMC COX-2 expressithalp + TNF-a induced 30-fold higher
levels of COX-2 compared with controls (Il31+ TNF-a, 440,828+36,957 vs. control,
15,240+4927, *** p < 0.001) and about 3-fold higher levels than [L-&lone (IL-13,
154,152+26,313, $ < 0.001). Again, Anakinra blocked the increasectlef COX-2 induced

by IL-1B or IL-1B + TNF-u (Figure4 A and B).

COX-2inhibition blocksIL-1p-induced RCLMC relaxation.

To test whether ILfi-induced RCLMC relaxation depends on COX-2, weetkgshe
effect of a selective COX-1 inhibitor (COX-1i = TIP), a nonselective COX-1 and 2 inhibitor
(COX-1/2i = Diclofenac) or a selective COX-2 inhimi (COX-2i = Dup-697) on IL-f-induced
RCLMC relaxation. RCLMC/collagen gels were treavath either control media, IL{1, IL-1
+ COX-1 inhibitor, IL-13 + COX-1/2 inhibitor or IL-B + COX-2 inhibitor. We found that COX-
2 inhibition by both the nonselective COX-1/-2 ibitor (diclofenac) (96.3+1.8% vs. contrpl>
1.0) and the selective COX-2 inhibitor (Dup-6970316+1.4% vs. control > 1.0) blocked the
IL-1B-induced RCLMC relaxation, maintaining RCLMC at thame levels of contraction as
controls Figure 5A). On the other hand, the selective COX-1 inhibitad no effect on ILf-
induced RCLMC relaxation (79.4+5.2% vs. control,gx 0.01). Treatment with none of these

COX inhibitors alone showed any direct effects &@LRIC tonic contractionKigure 5B).

IL-1p dose dependently induces PGE, production in RCLMC, while IL-1B receptor

blockade inhibits PGE; production.
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In vascular, bronchial and mesenteric lymphatic atmanuscle cells, IL{1 has been
shown to potently induce a vasodilator B@E, 41, 42). To test whether Il3Icould induce
PGE production in RCLMC, we quantified PGEn supernatants of RCLMC following
treatment with IL-B, TNF-a or IL-1 + Anakinra. IL-B significantly increased PGHevels in a
dose dependent fashion compared with control: 2thind.,152+141 pg/ml, ***p < 0.001; 10
ng/ml, 849+22 pg/ml, **p < 0.001; and 5 ng/ml, 41217 pg/ml,p*< 0.001; vs. control,
81.6+3.1 pg/ml (20 ng/ml vs. 10 ng/mlp#< 0.05, 5 ng/ml vs. 10 ng/ml, |$< 0.01) Figure
6A), while Anakinra blocked PGEnduction in RCLMC treated with IL{1 (5019 pg/ml vs.

control 82+3 pg/ml, p > 0.99). TN&-had no significant effect on PGE

EP4 receptor antagonist blocks IL-1p-induced RCLMC relaxation, while PGE; induces
RCLMC relaxation.

To examine whether the PGEeceptor EP4 was required for Il3-induced RCLMC
relaxation, we treated RCLMC with ILB1+ the EP4 receptor antagonist (GW627368X'MO
and 10°M). We found that EP4 receptor blockade preventetiprinduced RCLMC relaxation
(95.4+0.8% and 94.8+1.8% vs. contrpl,= 0.327 andp = 0.186, respectively)F{gure 6B).
Lastly, to test whether PGBy itself could induce RCLMC relaxation; we treaalRCLMC with
exogenous PGEWe found that PGEinduced RCLMC relaxation (82.9+1.78% vs. contrl,

p < 0.01). Anakinra showed no significant effectRBE-induced RCLSMC relaxation.
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Discussion

Clinical and experimental studies in viral myoctisdhave shown that, in addition to injury of
the myocardium by immune cell infiltrates, vascudgsfunction and vasospasm also contribute
to the progression of viral myocarditis into DCMB{46). However, it remains unknown whether
and how cardiac lymphatic dysfunction might conitéto the pathophysiology of myocarditis.

During the early acute phase of murine viral mydier (O to 3 dpi), Shioét al. reported
increased MRNA signatures for several differentammmatory cytokines, especially 131and
TNF-a, have been reported within the ventricular myoand(27). Other reports have shown
high protein levels of these cytokines, which wpeesistently expressed during acute/subacute
(4 to 14 dpi) through chronic (15 to 90 dpi) phaseswurine viral myocarditis (27, 47, 48).

Our data Table 1) show that the cardiac gene expression of fLabd TNFe were
significantly elevated during the acute phase @&lvmyocarditis (7 dpi). Moreover, gene
expression of COX-2, (also known d&TGS2), and the G-protein-coupled receptor EP4
prostanoid receptor, (also known as PTGER4) wegeifstantly elevated in acute myocarditis.
Using PCA, we demonstrated thaice with myocarditiscould bedistinguished from control
mice using expression patterns of pro-inflammatory moleculesd dymphatic markers,
suggesting that this set of molecules potentiatiytébute to the etiology of myocarditis and
may represent important and predictive biomarkershis condition Figure 2).

In the current experiments, although we found @mpiinduction of several inflammatory
mediator genes including, ILBland TNFe during acute experimental viral myocarditis,
expression for mRNAs for lymphatic markers, LYVEaftd VEGFR3 did not show significant
changes compared with control. Since immune céilktretion in TMEV-induced myocarditis

has been shown to be active and progressive by, agliac lymphangiogenic responses may
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be absent or depressed at early stage of acutenycarditis (32, 33). Our in vivo myocarditis
model did not support a role of lymphangiogenesis. (no increases in lymphatic gene
expression, (see results section)) which direcedouwstudy the roles which may be played by
lymphatic muscle cells.

In addition to the possibility of inefficient indtion of lymphangiogenic responses in
acute viral myocarditis (50), inflammatory mediatomay depress contractility of cardiac
lymphatics to further negatively influence Ilympharsport Hence, stimulation of
lymphangiogenesis and/or enhancement of lymph ggepulsion may help compensate for
low transport capacity per vessel to restore theaardial lymph flow rate and relieve edema in
myocarditis (22) Previously, we demonstrated that inflammatory ciyte&, IL-13 and TNFe,
which are elevated in murine colitis and inflammmgtbowel disease, induced profound LEC
dysfunction, and also reduced mesenteric lymphmatiscle cell tonic contractility (26, 53).

In the current study, we examined effects of inftaawory cytokines, in particular ILBL
and TNFe, on RCLMC tonic contractility. IL-@ significantly impaired RCLMC tonic
contractility in a dose-dependent fashion, whileFfiNalone had no effecE{gure 2). We then
studied the combined effect of TNFFand IL-13 on RCLMC tonic contractility, compared with
IL-1B alone. We found that, although TNHFiad no direct effect on RCLMC contractility, TNF-
a did significantly potentiate the “relaxing” effeof IL-1p (Figure 3A). This indicates that
synergy exists between Il3land TNFe in the depression of RCLMC tonic contractility,tbu
does not rule out the effect of other cytokinesngeinvolved in these responses. Moreover,
previous studies have reported that B-+hediated VSMC relaxation effect in a dose-depehden

fashion, or acted synergistically with TNFo induce VSMC relaxation (54, 55).
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IL-1B is one of the major cytokines predictive of poatammes in myocarditis (27).
Clinical trials in patients with rheumatoid artisithave shown that Anakinra, a recombinant
form of IL-1 receptor antagonist, (IL-1RA) a blooki‘decoy’ agonist of the IL-1 receptor (67)
had beneficial effects on cardiac health measusedsbability to prevent restenosis, improve
endothelial function, maintain coronary flow anét eentricular function (56-59). Further, IL-1
receptor blockade (using IL-1 receptor antagonieheg therapy) was shown effective at
improving the survival rate in murine model of mgaditis induced with encephalomyocarditis
virus (EMCV) (60). Based on our observations, wecsgated that the protective effect by IL-1
receptor blockade in myocarditis may be at leastigly due to maintenance of cardiac
lymphatic contractility. To understand the poteint@ntribution of IL-18 in such pathologies, we
then tested how IL{1l blockade using Anakinra would affect RCLMC toniontractility
following challenge with either IL{f1 alone or TNFa + IL-1p (Figure 3A). Pharmacological
inhibition of IL-1 receptor activity using Anakinmmaintained RCLMC contractility following
treatment with IL-B alone or TNFa + IL-1f in combination. These results suggest thatiL-1
represents a major ‘relaxant’ cytokine and that ¥dN€an potently intensify effects of ILB1
since Anakinra also blocked the synergistic effect.

In acute viral myocarditis, cardiac tissue alsadpies substantial amounts of both COX-
2 and COX-2 products, e.g. P&1). IL-18 is known to be a potent inducer of COX-2 in both
vascular and lymphatic muscle cells, as well asiially infected macrophages (26, 41, 62).
Since we found induction of both ILBJand COX-2 gene expression in acute myocaraitisvo,
we studied the effect of ILLon COX-2 protein induction in RCLM@ vitro. We found that
IL-1B increased COX-2 expression in RCLMC, while ThFalone had no effect. TNé&-

combined with IL-B induced a greater increase in COX-2 levels thaiifilalone, while
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Anakinra prevented the increased expression of @dnduced by either IL{1or IL-13+TNF-u
(Figure 4). These results further support the concept okgynbetween IL-f and TNFe in
decreasing RCLMC tonic contractility, acting viagher-induction of COX-2 expression
mediated by cumulative ILfland TNFe signaling. Moreover, COX-2 inhibition using either
the non-selective COX inhibitor diclofenac or thedestive COX-2 inhibitor DuP-697 blocked
IL-1B-induced RCLMC relaxation. On the other hand, COXibition, using the selective
COX-1 inhibitor TFAP, had no effectF{gure 5A). These results show that [3-induced
RCLMC relaxationin vitro depends on COX-2.

In our previous study, we demonstrated that fLaiarkedly increased PGEBynthesis by
mesenteric lymphatic muscle cells (26). Furthermeprevious studies have shown that k-1
mediates PGE production in vascular and bronchial smooth musiciean endothelial
independent fashion (42, 63). Thus, we tested ffecteof IL-13 on PGE production in
RCLMC. PGE wasmarkedly induced byL-18, but not by TNFa alone, in a dose dependent
fashion, while the induction of PGRvas prevented by Anakinr&igure 6A). Then, we tested
whether directPGE; stimulation could decrease RCLMC tonic contragtihs was similarly
found for IL-18. PGE reducedRCLMC contractility similar to IL-B; indicating that IL-B
induced PGE production from RCLMCcould potentially mediate RCLMC relaxation in an
autocrine fashion, independent of endothelial dgligure 6B). We next tested the effect of the
EP4 receptor antagonist GW627368X on R-thduced RCLMC relaxation. GW627368X
blocked IL-B-induced RCLMC relaxationuggesting thallL-1 could induce PGEproduction,
which acts in an autocrine fashion to decrease RCLhic contractility via EP4 stimulation

(Figure 6B).
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Our present studyeveals that inflammatory cytokines, especiallylf,-can exert a
profound depressant effect on cardiac lymphatic amlas contractility via COX-2 mediated
PGE production and EP4 receptor activation to inhR@LMC tonic contractionThis pathway
may also involve phenotypic transition in RCLMC, Hs1p has shown to be the only
inflammatory cytokine to trigger this phenotypiansition of vascular smooth muscle cells from
contractile to stellate cells (63). This trans-glifintiation process has also been shown to involve
reduction in the expression of contractile proteamsl disruption of focal adhesions and actin
stress fiber organization in response to the aunefparacrine secretion of PgERnd EP4
activation (63).

Although the diameter of cardiac lymphatic vessbé&s never been examined in
myocarditis, increased lymphatic vascular diamégs shown to increase proportionally with
the severity of inflammation in other inflammatodyseases (23). Thus, the loss of cardiac
lymphatic tonic contractility induced by ILBl1seen in our current study, could reflect
lymphostasis and vessel dilation. Within non-corctirg but valve bounded collecting
lymphatics, vessel tone may also maintain a seffity constricted vascular radius, which
permits appropriate apposition of lymphatic vaheaflets, which establish and maintain
unidirectional lymphatic flow. It is also possibteat if a sufficient level of tonic vessel
contraction is not maintained, normal valve sealingy not occur leading to lymph stasis or
reflux. Thus, while probably not directly partictpay in the active propulsive lymph transport,
tonic lymphatic muscle contraction nerveless may pinportant roles in maintain a functional
and unidirectional lymph transport (64). Therefotbe loss of cardiac lymphatic tonic

contractility induced by IL-f would exacerbate myocardial edema leading to aatation of
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inflammatory mediators and immune cells within theart which is described schematically in
Figure7.

The current study has defined molecular mechantlatsmight underlie in myocarditis
pathophysiology. The relaxing effect of IlI3-lon cardiac lymphatics may provide a novel
mechanism linking IL-f to reported poor clinic outcomes in myocarditiad éhelp identify
strategies to prevent progression from acute mylittsito DCM, although further studies are
necessary to better understand potential roleeeotardiac lymphatic system in the etiology of
myocarditis and to determine the extent to whicmphatic failure drives progression of
myocarditis into DCM. In summery our current resuftrovided crucial mechanistic and
translational insights that may help exploit lymiit® as novel targets for therapeutic

management of myocarditis (65).
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Figurelegends

Figure 1. Immunolocalization of muscular, non-muscular lyratits and blood vessels in the
heart. Figure 1 shows dual stained muscular lynmpheassels (shown by yellow staining and
yellow arrows, lower right panel) which were distifrom LYVE-1/SMA" (red staining and red
arrows) blood vessels, and from non-muscularizelleaong lymphatics (green and green

arrows, lower right panel). DAPI nuclear stainisgshown in lower left panel.

Figure 2. Principal component analysis (PCA) of mRNA leveld ® key pro-inflammatory and
lymphatic markers selected from transcriptome daftathe hearts from Theiler's murine
encephalomyelitis virus (TMEV)-infected mice withyatarditis. A) PCA separated clearly
between the mice with viral myocarditis versus oalnice, based on principal component (PC)
1. B) PC1 explained 54% of variance among the mouse saaaplesC) Gene expression levels
of seven pro-inflammatoryinterferon (IL), interferon (IFN)y, and tumor necrosis factor
(TNF)-a], IL-1 receptor 1, and receptors [prostaglandinrd€eptors (EP2 and EP4) and
cyclooxygenase (COX)-2] contributed to PC1 disttidu positively, while five gene expression
levels, particularly, COX-1 and vascular endotHelmowth factor receptor (VEGFR) 3,
contributed negatively. PCA was conducted usingRgmackage ‘prcomp’. Five mice per group

were used and the hearts were harvested on 7 daysfection (dpi).

Figure 3. IL-1B dose-dependently decreased rat cardiac lymphatscle cells (RCLMC) tonic
contractility. A) IL-1B significantly decreased RCLMC tonic contractiligpmpared with
controls. TNFe alone (20 ng/ml) produced a slight relaxation whiwas not significant

compared to controls. TNé&-did significantly enhanced the relaxing effectlofLp on RCLMC
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compared with IL-§ alone. Anakinra maintained RCLMC tonic contragtiin the presence of
IL-1B or IL-1p -+ TNF- at day 4. n= 6%** p < 0.001 vs. controk* p < 0.01 vs. control¢ p <
0.01 IL-13 +TNF-a vs. IL-1B. B) IL-1p decreases RCLMC tonic contractility in a dose
dependent fashion. n=%:* p < 0.001 vs. controk* p < 0.01 vs. contro¥ p < 0.05 vs. control,
#p < 0.01 IL-B (20 ng/ml) vs. IL-B (10 ng/ml),$ p < 0.01 IL-1B (20 ng/ml) vs. IL-B (5

ng/ml). One-way ANOVA, with Bonferroni’'s post-hoest; data are mean +SEM.

Figure 4. IL-1p alone or IL-B + TNF-a induced COX-2 expression in RCLMC, which was
suppressed by Anakinrd) RCLMC were treated with ILf}, TNF, IL-18 + TNF , in the
presence or absence of Anakinra for 24 hours (@Yivalent amounts of total cell protein were
subjected to Western blot analysis with antibodigainst COX-2 and-actin.B) The density of
COX-2 bands was quantified. ILB1treated RCLMC increased COX-2 protein levels
significantly p < 0.01), while TNFe. had no effect on COX-2 compared with control. TINF-
combined with IL-B induced a higher-induction of COX-2 levels complavath IL-18 alone.
Anakinra blocked the increased level of COX-2 inethby IL-13 alone or IL-B + TNF-a after

24 h of treatment. n= 3** p < 0.001 vs. controf* p < 0.01 vs. control# p < 0.01 IL-1B
+TNF-a vs. IL-13 alone. One-way ANOVA, with Bonferroni’'s post-hoest; data are mean

+SEM.

Figure 5. COX-2 inhibition blocked IL-B-induced RCLMC relaxatiomA) COX-2 inhibition by
both the nonselective COX-1/2 inhibitor (diclofehamnd the selective COX-2 inhibitor (Dup-
697) blocked the ILfi-induced RCLMC relaxation. On the other hand, tekedive COX-1

inhibitor (TFAP) had no effect on ILftinduced RCLMC relaxatiorB) None of COX inhibitor
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treatments alone, (diclofenac, Dup-697 or TFAPphvatd any significant effects on RCLMC
contractility compared with control treatment. n=6 p < 0.01 vs. control. One-way ANOVA,

with Bonferroni’s post-hoc test; data are mean +SEM

Figure 6. IL-1p3 dose dependently induced PGroduction in RCLMC, while EP4 receptor
antagonist blocked IL{#induced RCLMC relaxationA) IL-18 significantly increased PGE
production in RCLMC in a dose-dependent fashio2@Bg/ml) compared with controls, while
Anakinra blocked PGEinduction in RCLMC after 24 h of ILf1(20ng/ml) treatment. TNE-
alone (20ng/ml) showed no significant effect on R@®©duction in RCLMC. n= 3*** p <
0.001 vs. controf** p < 0.01 vs. control* p < 0.05 vs. control# p < 0.01 IL-18 (20 ng/ml) vs.
IL-1B (10 ng/ml),$ p < 0.01 IL-18 (20 ng/ml) vs. IL-B (5 ng/ml).B) EP4 receptor antagonist
(GW627368X, 10M and 10°M) blocked IL-18 (20ng/ml) induced RCLMC relaxation. PGE
treatment alone also induced RCLMC relaxation, a&hf\nakinra- treatment showed no
significant effect on the PGEnduced RCLMC relaxation. n= 8* p < 0.01 vs. control. One-

way ANOVA, with Bonferroni's post-hoc test; dateanean +SEM.

Figure 7. Diagram of cardiac lymphatic contraction disturbesicn myocarditis. Dysfunction of
lymphatic flow may occur in myocarditis in respoisanflammatory cytokines including ILB1
and TNFe. Prolonged expression and accumulation of inflatonyacytokines play a role in
driving the progression from acute myocarditis idiiated cardiomyopath{DCM) via failure of
cardiac lymphatic pump to clear these inflammatoeljs and their evolved cytokine. In acute
myocarditis accumulation of these cytokines leamlsatvicious cycle of inflammation and

lymphostasis (insufficient lymphangion contracyilitwhich exacerbates tissue damage and
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DCM. IL-1f and IL-13+TNF-0. exert a profound depressant effect on cardiac hatip

muscular contractility via COX-2 mediated P&Gftoduction and EP4 receptor activation in an

autocrine fashion to inhibit tonic contraction m@ndothelial independent mechanism.
Established effects of ILfL/ IL-1p+TNF-a are shown as dashed lines. COX-2,

cyclooxygenase-2; PGEprostaglandin E 2; EP4, prostaglandin E receptor
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Table 1. Changes in genes expression in viral
myocarditis (day 7)

Trivial gene name Fold P value
(gene symbol) change

IL-1B (I11b)*** 2.2 0.001
TNF-o, (Tnf)*** 2.06 0.001
IFN-y (Ifng)*** 2.36 0.001
COX-1 (Ptgsl)** 0.77 0.01
COX-2 (Ptgs2)*** 2.17 0.001
IL-1 receptor 1111r1)  1.05 0.55
EP1 Ptgsrl) 0.99 0.83
EP2 Ptgsr2) 1.12 0.10
EP3 Ptgsr3) 0.95 0.75
EP4 Ptgsr4)* 1.39 0.001
LYVE-1 (Lyvel) 0.91 0.32
VEGFR3 Flt4) 0.95 0.15

Levels of inflammatory mediator genes measuredearthtissue from control mice and mice
with TMEV acute myocarditis.

n= 5, *** P <0.001 vs. control, *P < 0.01 vs. control. Studentigest; data are mean

Table 1. Levels of inflammatory mediator genes measurecearttissue from control mice and

mice with TMEV acute myocarditis. n= 5f* p < 0.001 vs. controff* p < 0.01 vs. control.

Student's-test; data are mean + standard error of the nfeBMJ.
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