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Abstract: 1 

The role of lymphatic vessels in myocarditis is largely unknown, while it has been shown to play 2 

a key role in other inflammatory diseases. We aimed to investigate the role of lymphatic vessels 3 

in myocarditis using in vivo model induced with Theiler’s murine encephalomyelitis virus 4 

(TMEV) and in vitro model with rat cardiac lymphatic muscle cells (RCLMC). In the TMEV 5 

model, we found that upregulation of a set of inflammatory mediator genes, including interleukin 6 

(IL)-1β, tumor necrosis factor (TNF)-αand COX-2 were associated with disease activity.  Thus, 7 

using in vitro collagen gel contraction assays, we decided to clarify the role(s) of these mediators 8 

by testing contractility of RCLMC in response to IL-1β and TNF-α individually and in 9 

combination, in the presence or absence of: IL-1 receptor antagonist (Anakinra); cyclooxygenase 10 

(COX) inhibitors inhibitors (TFAP, diclofenac and DuP-697).  IL-1β impaired RCLMC 11 

contractility dose-dependently, while co-incubation with both IL-1β and TNF-α exhibited 12 

synergistic effects in decreasing RCLMC contractility with increased COX-2 expression. 13 

Anakinra maintained RCLMC contractility; Anakinra blocked the mobilization of COX-2 14 

induced by IL-1β with or without TNF-α. COX-2 inhibition blocked the IL-1β-mediated 15 

decrease in RCLMC contractility.  Mechanistically, we found that IL-1β increased prostaglandin 16 

(PG) E2 release dose-dependently, while Anakinra blocked IL-1β mediated PGE2 release.  Using 17 

prostaglandin E receptor 4 (EP4) receptor antagonist, we demonstrated that EP4 receptor 18 

blockade maintained RCLMC contractility following IL-1β exposure. Our results indicate that 19 

IL-1β reduces RCLMC contractility via COX-2/PGE2 signaling with synergistic cooperation by 20 

TNF-α. These pathways may help provoke inflammatory mediator accumulation within the 21 

heart, driving progression from acute myocarditis into dilated cardiomyopathy. 22 

 23 
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Abbreviations: 1 

COX-1 = cyclooxygenase-1 2 

COX-2 = cyclooxygenase-2 3 

DCM = dilated cardiomyopathy 4 

DMEM = Dulbecco's Modified Eagle Medium 5 

ELISA = enzyme-linked immunosorbent assay 6 

EP1 = prostaglandin E receptor 1 7 

EP2 = prostaglandin E receptor 2 8 

EP3 = prostaglandin E receptor 3 9 

EP4 = prostaglandin E receptor 4 10 

FBS = fetal bovine serum   11 

HCl = hydrochloric acid 12 

HF = heart failure 13 

IACUC = Institutional Animal Care and Use Committee 14 

ICM = ischemic cardiomyopathy 15 

IFN-γ = interferon-gamma 16 

IL-1β = interleukin-1 beta 17 

LEC = lymphatic endothelial cells 18 

LSUHSC-S = Louisiana State University Health Sciences Center-Shreveport 19 

LYVE-1 = lymphatic vessel endothelial hyaluronan receptor 1 20 

MI = myocardial infarction  21 

NaOH = sodium hydroxide  22 

NF-kB =  nuclear factor kappa-light-chain-enhancer of activated B cells 23 
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PCA = principal component analysis 1 

PGE2 = prostaglandin E2  2 

PTGER1 = prostaglandin E receptor 1 (subtype EP1) 3 

PTGER2 = prostaglandin E receptor 2 (subtype EP2) 4 

PTGER3 = prostaglandin E receptor 3 (subtype EP3) 5 

PTGER4 = prostaglandin E receptor 4 (subtype EP4) 6 

PTGS1 = prostaglandin-endoperoxide synthase 1 7 

PTGS2 = prostaglandin-endoperoxide synthase 2 8 

RCLMC = rat cardiac lymphatic muscle cells 9 

TFAP = N- (5-Amino-2-pyridinyl)-4-trifluoromethylbenzamide  10 

TMEV = Theiler's murine encephalomyelitis virus 11 

TNF-α = tumor necrosis factor alpha 12 

VEGFR3 = vascular endothelial growth factor receptor 3 13 

VSMC = vascular smooth muscle cells  14 
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Introduction 1 

 Myocarditis is an inflammatory disease of the myocardium, which can be triggered by 2 

diverse infectious agents including bacteria, parasites, fungi but most commonly, viruses (1, 2). 3 

Myocarditis has been closely implicated with the pathogenesis of sudden death, dilated 4 

cardiomyopathy (DCM) and heart failure (HF) (3, 4). Despite many investigations revealing 5 

microvascular changes in myocarditis and DCM, research into the roles played by the lymphatic 6 

vasculature in such cardiopathies has been comparatively neglected (5).  7 

 The main function of the cardiac lymphatic system is to regulate interstitial fluid 8 

pressure, thus maintaining tissue homeostasis and preventing myocardial edema (6). The cardiac 9 

lymphatic system also plays an important role in immune surveillance and recovery following 10 

tissue injury in the heart (6). The cardiac lymphatic networks exist in all three layers of the heart 11 

wall with lymph flowing from endocardium through the myocardium to the epicardium and 12 

ultimately draining to the right lymphatic duct (7). Both “intrinsic” lymphatic contractions and 13 

“extrinsic” tissue compressive forces contribute to generate a sufficient pressure gradient acting 14 

to propel lymph centrally (8). To maintain a unidirectional lymph flow, lymphatic vessels have 15 

the intrinsic ability to propel lymph by spontaneous contractions within serially connected valve-16 

containing contractile subunits, called ‘lymphangions’ (9). Simultaneously, lymphatic vessels 17 

exhibit tonic contraction that resembles the myogenic response in arterioles, which regulate 18 

lymphatic vessel diameter, and hence lymphatic vessel compliance and resistance (10, 11).  19 

It has long been assumed that cardiac lymph flow depends only on external compressive 20 

forces generated during systole.  During diastole, however, cardiac lymph flow may also reflect 21 

active contraction of lymphatics (12, 13), since cardiac lymph flow is maintained during 22 

conditions where cardiac contractility is impaired, e.g. myocardial ischemia, ventricular 23 
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fibrillation and during anoxic cardiac arrest, consistent with forms of lymph propulsion, 1 

independent of cardiac contraction (14-16).  2 

 Conversely, impaired cardiac lymph flow may participate in several forms of cardiac 3 

injury such as DCM and HF (17-19). Inflammatory responses in myocarditis include intense 4 

myocardial edema and formation of inflammatory infiltrates composed of lymphocytes and 5 

macrophages, both of which can be associated with an underlying lymphatic contraction 6 

disturbance (20, 21). Myocardial edema has been seen in several forms of cardiac inflammation, 7 

which is associated with increased myocardial lymph flow rate and decreased lymphatic outflow 8 

resistance (22). On the other hand, recent studies have shown that the contractile capacity of 9 

collecting lymphatics in other organs is often impaired in inflammatory diseases (23). Several 10 

other studies have also shown that inflammatory mediators can negatively regulate forms of 11 

lymphatic contraction (24-26).   12 

 Inflammatory cytokines, particularly interleukin (IL)-1 beta (β) and tumor necrosis factor 13 

(TNF)-α have been shown to be produced very early during viral myocarditis and persist 14 

throughout infection (27). High levels of plasma circulating IL-1β and TNF-α are found in 15 

patients with acute myocarditis, DCM and HF (28). In addition, some features of HF may arise, 16 

at least in part, from the toxic effects of endogenous cytokine cascades within the heart (29). 17 

Prolonged expression and accumulation of inflammatory cytokines play a role in driving the 18 

progression from acute myocarditis into DCM; failure of the cardiac lymphatic pump to clear 19 

inflammatory cells and cytokines in acute myocarditis may intensify accumulation of these 20 

cytokines, which exacerbates tissue damage, leading to DCM (30).  21 

 Previously, involvement of lymphatics has been investigated in terms of 22 

lymphangiogenesis, rather than the functional changes in pre-existing lymphatics. In another 23 
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form of cardiac injuries, myocardial infarction (MI), lymphatic vessel density was increased in 1 

the peri-infarction area 2 weeks after MI in experimental mouse model. This lymphatic 2 

remodeling was also accompanied by high levels of lymphangiogenic factors such as VEGF-C 3 

and D, Prox-1, and LYVE-1 (49). Further studies have shown that cardiac lymphatics undergo 4 

significant lymphangiogenesis in response to myocardial injury in an experimental mouse model 5 

of MI (50). VEGF-C-treated mice exhibited neo-lymphangiogenesis, which significantly 6 

improved cardiac function and prognosis after MI (50). On the other hand, there are only a few 7 

reports on lymphatic vessels and lymphangiogenic responses in DCM and myocarditis (19). One 8 

report showed no difference in lymphatic density in patients with chronic Chagasic (Chagas 9 

disease mediated) cardiomyopathy that was characterized by the presence of chronic 10 

lymphohistiocytic myocarditis, compared to control group (51). Others showed increased 11 

lymphatic biomarkers in ischemic cardiomyopathy (ICM) and DCM, but with different patterns 12 

of the expression of these markers suggesting distinctive forms of lymphatic remodeling that 13 

may reflect influences of chronic myocardial interstitial edema (22, 52). However, to what extent 14 

such lymphangiogenesis may function as a compensatory mechanism to maintain tissue 15 

homeostasis and reduce tissue edema and remodeling in myocarditis and DCM is unknown (19). 16 

 While lymphatic contractility has been studied extensively in organs other than the heart, 17 

i.e. intestine, far less is known about cardiac lymphatic muscular contraction and its involvement 18 

in myocarditis (31). Thus, in the current experiments, we first demonstrated the increased 19 

expression levels of inflammatory mediators and lymphatic biomarker genes in hearts in vivo 20 

during acute viral myocarditis induced with Theiler’s murine encephalomyelitis virus (TMEV). 21 

Then, we tested how inflammatory cytokines could affect tonic contraction of rat cardiac 22 

lymphatic smooth muscle cells (RCLMC) in vitro. Here, we have for the first time demonstrated 23 
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that inflammatory cytokines, associated with myocarditis pathophysiology, have a profound 1 

depressive effect on cardiac lymphatic tonic contractility and these events appear to involve 2 

cyclooxygenase-2 (COX-2)/prostaglandin E2 (PGE2) signaling.  3 
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Materials and Methods 1 

Ethical approval 2 

All animal handling and experimental procedures involving the use of animals were 3 

reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of 4 

Louisiana State University Health Sciences Center-Shreveport (LSUHSC-S) and were in 5 

accordance to the National Institutes of Health guide for the care and use of laboratory animals. 6 

 7 

Experimental murine acute viral myocarditis 8 

Male 5-week-old C3H/HeN mice (Taconic Farms, Hudson, NY) were used and 9 

maintained on 12/12-hour (h) light/dark cycles in standard animal cages with filter tops under 10 

specific pathogen-free conditions in the animal care facility at LSUHSC-S. Mice were given 11 

standard laboratory rodent chow and water ad libitum. For induction of acute viral myocarditis, 12 

5-week-old mice were infected with 2 × 107 plaque forming units (PFUs) of the Daniels (DA) 13 

strain of TMEV intraperitoneally, as we described previously (32, 33). Age-matched uninfected 14 

mice were used as controls. Mice were monitored and weighed daily. On 7 days post infection 15 

(dpi), five mice per group were anesthetized (isoflurane, Vedco, Saint Joseph, MO), and 16 

subsequently sacrificed for cardiac tissue collection. 17 

 18 

Myocardial gene expression 19 

Hearts were homogenized in TRI Reagent® (Molecular Research Center, Cincinnati, 20 

OH), using the Kinematica PolytronTM homogenizer (Kinematica, Bohemia, NY) (32). Total 21 

RNA was extracted from homogenates, using the RNeasy Mini Kit (Qiagen, Valencia, CA), and 22 



12 

 

DNase treatment was performed during RNA isolation, using the RNase-Free DNase Set 1 

(Qiagen). All samples were purified to an absorbance ratio (A260/A280) between 1.9 and 2.1.  2 

For labeled cDNA fragments, 100 ng of total RNA were converted using Poly-A RNA 3 

Control (Affymetrix, Santa Clara, CA), Ambion® WT Expression Kit (Life Technologies 4 

Corporation, Carlsbad, CA), and Affymetrix proprietary DNA Labeling Reagent (Affymetrix) 5 

(34). Labeled cDNA fragments were hybridized to the GeneChip® Mouse 1.0ST Array 6 

(Affymetrix) that includes 28,853 transcripts. Hybridized arrays were washed and stained using 7 

the GeneChip® Hybridization Wash and Stain Kit (Affymetrix) and the GeneChip® Fluidics 8 

Station 450 (Affymetrix), and scanned using the GeneChip® Scanner 3000 (Affymetrix). Data 9 

were visualized and quantified by the Affymetrix GeneChip® Command Console (AGCC), and 10 

normalized by Robust Multi-array Average (RMA), using Expression ConsoleTM (Affymetrix). 11 

Fold changes were calculated as ratios of signal value, compared with age-matched controls. Log 12 

ratios were calculated by the logarithm of fold changes to base 2. Microarray results were 13 

analyzed using the Ingenuity Pathway Analysis® (IPA, Ingenuity Systems, www.ingenuity.com), 14 

NetAffx database (Affymetrix, www.affymetrix.com/index.affx), and Mouse Genome 15 

Informatics (Jackson Laboratory, Bar Harbor, ME, www.informatics.jax.org/). The data have 16 

been deposited into the Gene Expression Omnibus (GEO) repository in National Center for 17 

Biotechnology Information (NCBI) (Accession number: GSE53607) (32). 18 

 19 

Principal component analysis (PCA) 20 

Among the transcription data, we selected 12 genes / samples, which have been described 21 

as key inflammatory molecules and lymphatic markers. PCA can reduce the dimensionality of a 22 

data set consisting of a large number of interrelated variables, while retaining as much as 23 
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possible of the variation present in the data set (35). PCA was conducted as an “unsupervised” 1 

analysis to test whether the variance of the 12 gene expression levels among the 10 heart samples 2 

could separate five infected versus five control samples as distinct groups, using a Q-mode PCA 3 

package ‘prcomp’ of R (36). We also calculated the proportion of variance of each principal 4 

component (PC) and factor loading for PC1, the latter of which enable us to rank the 12 genes 5 

based on positive or negative contribution to PC1 values, as we described previously (32, 33, 6 

37). 7 

 8 

Rat cardiac lymphatic muscle cells (RCLMC) isolation and preparation 9 

RCLMC were isolated from freshly excised hearts collected from healthy adult Sprague-10 

Dawley rats (Charles River Laboratories, Charleston, SC). The ventricular epicardial surface was 11 

superficially injected with 5 µl of lymphazurin (1% isosulfan blue, Covidien, New Haven, CT) 12 

and sterilely incubated at 37°C for 45 minutes (min) at 100% humidity. Epicardial lymphatic 13 

vessels visualized by this approach were excised, dissected and then washed extensively with 14 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) 15 

and 3% antibiotic/antimycotic. Tissue fragments were incubated in 0.2% collagenase (type II, 16 

Worthington) in DMEM at 37°C for 2 hours (h). Cells were collected by centrifugation at 485 x 17 

g and seeded onto tissue culture plate, where islands of cells attached within 24 h. To remove 18 

potential endothelial cell contaminants, confluent third passage (P3) RCLSMC cultures were 19 

treated with 50 mM L-leucine methyl ester (LLME, Synthetech, Albany, OR) for 2 h in DMEM 20 

supplemented with 10% FBS, 1% antibiotic/antimycotic and glutamine (supplemented DMEM) 21 

(38). Adherent cell cultures were rinsed three times with supplemented DMEM and cultures 22 
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maintained in supplemented DMEM. Cultures reached a confluent density of 80,000 cells/cm2 1 

and showed no reduction in proliferation over at least 12 passages.  2 

 Unlike lymphatic endothelial cells (LEC), lymphatic muscle cells lack any specific 3 

marker that differentiate them from vascular smooth muscle cells (VSMC). However, 4 

Muthuchamy et al. have shown that different types of smooth muscle express various forms of 5 

smooth muscle (SM) myosin heavy chains (MHC) and their function can be explained based on 6 

the relative content of various SM MHC isoforms (39). Thus, we examined the relative content 7 

of various SM MHC (SM A/B and/or SM 1/2) in our isolated cells to further confirm their 8 

lymphatic origin. Reverse transcription-polymerase chain reaction (RT-PCR) was used to define 9 

and measure possible SM MHC isoforms mRNA expression in RCLMC. As previously 10 

described by Muthuchamy et al. and similar to isolated cultured rat mesenteric lymphatic muscle 11 

cells, RCLMC also expressed SMA and SM1 isoforms of MHC, but not SMB or SM2 (data not 12 

shown) (39). 13 

 14 

Collagen gel contraction assay 15 

Type 1 collagen matrices were prepared as we previously described (26). Type I collagen 16 

was prepared by stirring 100% isopropanol (Thermo/Fisher) -washed adult rat-tail tendons for 48 17 

h at 4°C in sterile 4 mM acetic acid under constant agitation. After filtration through a 250 µm 18 

nylon filter (Spectrum Labs, Rancho Dominguez, CA), solubilized type I collagen solution was 19 

centrifuged at 19 x g for 20 min at 4°C, aliquoted and stored at -20°C. Frozen aliquots were then 20 

freeze dried using a bench-top manifold freeze-dryer (Millrock Technology, Kingston, NY), and 21 

stored at -20°C for future use. 22 
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On the day prior to experiments, dried collagen was dissolved in cold 0.012 M HCl at 1 

final concentration of 2.5 mg/ml, mixed gently (to avoid introducing bubbles) on a rocker at 4°C 2 

overnight until all collagen re-dissolved into a gel (0.1% type I collagen gels). On the day of 3 

experiments, RCLMC were harvested with trypsin-EDTA (Sigma-Aldrich), and a total of 4 

1.2x106 cells were re-suspended in 8 ml of supplemented DMEM, incorporated into 3.2 ml of 5 

0.1% type I collagen gels. Next, 0.8 ml of 5x PBS and 5 µl 0.5 M NaOH was added to the 6 

RCLMC/type 1 collagen gel mix bringing the total volume to 12 ml. Lastly, 500 µl aliquots of 7 

the RCLMC/type 1 collagen gel mixture were seeded in into 24 well plates (Thermo/Fisher) and 8 

incubated at 37°C for 1 h to polymerize (26).  9 

 10 

Cytokine treatment and gel contraction image analysis  11 

After polymerization, RCLMC were incorporated into 0.1% type I collagen gels at 12 

50,000 cells/well and treated with 1 ml supplemented DMEM containing: recombinant human 13 

IL-1β (5, 10 and 20 ng/ml, Thermo/Fisher, Waltham, MA), recombinant human TNF-α (20 14 

ng/ml, Thermo/Fisher, Waltham, MA), with or without COX inhibitors, COX-1 inhibitor IV N- 15 

(5-Amino-2-pyridinyl)-4-trifluoromethylbenzamide (TFAP) 10-5 M (EMD Millipore, Billerica, 16 

MA), diclofenac Na 0.2x10-5M (Sigma-Aldrich), DuP-697 (Cayman Chemical, Ann Arbor, MI), 17 

PGE2 10-5M (Cayman Chemical), IL-1 receptor antagonist, Anakinra 5 µg/ml (Kineret®, Sobi, 18 

Inc., Ardmore, PA) or prostaglandin E receptor 4 (EP4) antagonist GW627368X 10-6M and 10-19 

7M (Cayman Chemical). All RCLMC/gels were then gently detached from the edges of the 20 

plates, and incubated for 4 days at 37°C in 7.5% CO2. 21 

Changes in RCLMC tonic contraction were monitored and digital photographs were 22 

recorded daily over 4 days using a camera (Nikon D40, Tokyo, Japan). At least five different 23 
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culture of RCLMC were used to perform every single experiment and each culture was used to 1 

set up a minimum of 4 replicates (wells) per treatment dosage. The average of RCLMC 2 

contraction for each treatment dosage were calculated as the average of RCLMC in four wells 3 

and represent a single n-value, the experiment was repeated five times. All experimental 4 

conditions and treatment doses were previously optimized based on our previously published 5 

work (26). Gel contraction was measured as the change in gel surface area on day 4 as a fraction 6 

of its area measured on day 0, and normalized to internal controls, as described previously (26). 7 

 8 

Western blotting 9 

RCLMC were seeded in 6-well plates at 37°C in 7.5% CO2 and incubated until fully 10 

confluent. RCLMC were treated with supplemented DMEM alone (control) or supplemented 11 

DMEM plus IL-1β (20 ng/ml), TNF-α (20 ng/ml), IL-1β (20 ng/ml) + TNF-α (20 ng/ml), IL-1β 12 

(20 ng/ml) + Anakinra (5 µg/ml) or IL-1β (20 ng/ml) + TNF-α (20 ng/ml) + Anakinra (5 µg/ml). 13 

After 24 h, RCLMC were washed twice with PBS, collected in 100 µl reducing sample buffer 14 

(45% Milli-Q water, 12% 0.5 M Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate (SDS), 15% 15 

glycerol, 2% phenol red, Sigma-Aldrich)), 10% β-mercaptoethanol and protease inhibitor 16 

cocktail (Sigma-Aldrich), sonicated, boiled for 1 min at 100°C and stored at -80°C. 17 

After measuring total protein concentration (660 nm Protein Assay, Thermo/Fisher), 40 18 

µg protein of each RCLMC lysate was subjected to electrophoresis on 7.5% SDS-polyacrylamide 19 

gels and transferred to nitrocellulose membranes using a transblot apparatus (Idea Scientific 20 

Minneapolis, MN). Membranes were stained with Ponceau-S (Sigma-Aldrich) to verify protein 21 

transfer, blocked overnight at 4°C with 5% non-fat milk and were incubated with anti-COX-2 22 

antibody (Cayman Chemical, 1:1,000 in 0.1% milk powder). Membranes were incubated for 1 h 23 



17 

 

at room temperature (RT) before adding anti-rabbit IgG (whole molecule)-peroxidase antibody 1 

(Sigma-Aldrich, 1:1,500 in 0.1% milk) as a secondary antibody for 1 h at RT. Enhanced 2 

chemiluminescence (Pierce ECL Western Blotting Substrate, Rockford, IL) was used to visualize 3 

the blots, and the density of resulting bands measured using NIH Image-J analysis program (40). 4 

 5 

PGE2 ELISA  6 

RCLMC were cultured in 6-well plates and incubated at 37°C in 7.5% CO2 until fully 7 

confluent. Medium was replaced with supplemented DMEM alone (control) or with IL-1β (5, 10, 8 

20 ng/ml), TNF-α (20 ng/ml) or IL-1β (20 ng/ml) + Anakinra (5 µg/ml). At 24 h, supernatants 9 

were collected and stored at -80°C. PGE2 concentrations were measured in supernatants using a 10 

PGE2 ELISA kit (ENZO Life Science® Farmingdale, NY), according to manufacturer's 11 

instructions. 12 

 13 

Immunofluorescent staining of cardiac lymphatics  14 

Cardiac lymphatics and smooth muscle were visualized using immunofluorescence for 15 

alpha-smooth muscle actin and lymphatic vascular endothelial hyaluronic acid receptor-1 16 

(LYVE-1). We embedded rat hearts in paraffin and made 5-µm thick sections. Antigen retrieval 17 

was carried out in unmasking solution and heating in a pressure cooker for 20 min. After cooling 18 

to room temperature for 20 min, slides were washed with deionized water (twice, 5 min) with 19 

gentle shaking. Slides were blocked with 5% goat serum (diluted with 1% milk in PBS) for 30 20 

min and washed again with deionized water twice for 5 min. Primary antibodies (rabbit anti-21 

LYVE-1, diluted 1:75), α-smooth muscle actin (SMA) (diluted 1:250) were prepared in 1% milk 22 

in PBS and 100 µl added to each slides and incubated overnight at 4°C. Secondary antibodies 23 
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FITC anti-rabbit (in donkey, dilution 1:250) and TRITC anti-mouse (donkey, diluted 1:250), 1 

were added to slides. Slides were mounted in DAPI mounting medium.  2 

 3 

Statistical analysis 4 

Data are presented as mean ± standard error of the mean (SEM). Table 1 data analyses 5 

were determined using the paired two-tailed Student's t-test. Statistical analyses (GraphPad 6 

Software, Inc., La Jolla, CA) were performed using one-way ANOVA with Bonferroni test as 7 

post-hoc test. Comparisons were considered statistically significant at p < 0.05.  8 
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Results 1 

LYVE-1 and SMA dual positive lymphatic vessels are abundant in the heart.  2 

Since dual immunofluorescence for LYVE-1 with SMA can visualize muscular lymphatic and 3 

non-lymphatic vessels in the myocardium, we detected muscular lymphatic vessels that are dual 4 

positive for LYVE-1 and SMA in the myocardium by immunofluorescence to evaluate the 5 

possible significance of these vessels in myocardial biology. Figure 1 shows dual stained 6 

muscular lymphatic vessels (yellow and yellow arrows, lower right panel) which were distinct 7 

from LYVE-1-/SMA+ (red) vessels, and distinct from non-muscularized lymphatics (green and 8 

green arrows, lower right panel) (DAPI nuclear staining is shown in Figure 1, lower left). While 9 

lymphatics in the mammalian heart are well known to contribute to normal cardiac structure 10 

function, these muscular cardiac lymphatic vessels may fulfill important functions in the control 11 

of interstitial balance in the heart.  12 

Inflammatory mediators have been shown to contribute to the pathophysiology of human 13 

and experimental myocarditis (27, 28). We have previously determined gene expression profiles 14 

in hearts of mice with viral myocarditis (32). Here, we used transcriptome data to compare 15 

expression levels of inflammatory mediators and lymphatic marker genes in hearts from TMEV-16 

infected mice with acute viral myocarditis (7 dpi) using pairwise comparison (Table 1). We 17 

found significant upregulation of several inflammatory mediator genes, including IL-1β, TNF-α, 18 

COX-2 and EP4 receptor and down regulation of COX-1. On the other hand, significant changes 19 

in the lymphatic markers LYVE-1 and VEGFR3 were not observed. We have previously 20 

documented the induction of viral myocarditis in these mice using the TMEV model which is 21 

described in Omura et al. (66). 22 

 23 
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PCA of inflammatory mediators and lymphatic markers distinguishes between control and 1 

myocarditis mice 2 

To determine whether a set of inflammatory mediators and lymphatic markers could distinguish 3 

mice with myocarditis from controls, we conducted PCA, using transcriptome data of 12 genes, 4 

shown in Table 1, in the hearts from control and myocarditis mice (total 10 samples). In PCA, 5 

each principal component (PC) is defined in an unsupervised manner, depending on the variance 6 

of 12 gene expression levels among the 10 samples. We found that samples were separated 7 

clearly into two distinct groups, control and myocarditis groups, based on PC1 values (Figure 8 

2A). The proportions of variance of PCs showed that PC1 explained 54% of the variance among 9 

10 samples (Figure 2B). To rank what genes contributed to the PC1 value, we determined a 10 

factor loading for PC1. We found that the gene expression levels of three pro-inflammatory 11 

cytokines [IL-1β, interferon (IFN)-gamma (γ), and TNF-α], IL-1 receptor 1, and three other 12 

molecules: prostaglandin E receptor 2 (EP2), EP4 and COX-2 contributed to PC1 distribution 13 

positively, while five gene expression levels, particularly COX-1, and lymphatic markers 14 

(LYVE-1 and VEGFR3) contributed to PC1 distribution negatively (Figure 2C). 15 

 16 

IL-1β dose-dependently decreases RCLMC tonic contractility, while IL-1β receptor 17 

antagonist Anakinra maintains RCLMC contractility 18 

Among the molecules examined above in vivo, IL-1β and TNF-α have been shown to be 19 

increased during acute viral myocarditis (27), we tested whether these inflammatory mediators 20 

would influence cardiac lymphatic muscle tonic contractility using our in vitro collagen gel 21 

contraction assay (26). IL-1β-treated gels exhibited significantly impaired RCLMC tonic 22 

contractility compared with control at 4 dpi (79.8±2.1% vs. control, *** p < 0.001) (Figure 3A), 23 
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while TNF-α alone had no effect on RCLMC contractility. To evaluate possible synergistic 1 

interactions between IL-1β and TNF-α, we studied combined effects of TNF-α + IL-1β on 2 

RCLMC tonic contractility, and found a significantly enhanced relaxation compared with IL-1β 3 

alone (66.3±4% vs. control, *** p < 0.001) (TNF-α + IL-1β vs. IL-1β, # p < 0.001). Further, we 4 

tested different doses of IL-1β, and found a dose dependent effect of IL-1β on RCLMC 5 

contractility [5 ng/ml (91.1±2.2%, * p < 0.05), 10 ng/ml (88.3±1.2%, ** p < 0.01) and 20 ng/ml 6 

(81.6±2%, *** p < 0.001) vs. control (20 ng/ml vs. 10 ng/ml # p < 0.05, 20 ng/ml vs. 5 ng/ml $ p 7 

< 0.01)] (Figure 3B).  8 

We next tested if Anakinra could reverse the relaxation effect of IL-1β on RCLMC. 9 

When co-treated with Anakinra, RCLMC tonic contractility was p > 0.99) as well as IL-1β + 10 

TNF-α treated gels compared with control at 4 dpi (97.5±2.1% vs. control, p > 0.99) (Figure 11 

3A).  12 

 13 

IL-1β and IL-1β + TNF-α increase COX-2 protein levels in RCLMC, while Anakinra 14 

inhibits IL-1β-induced COX-2 expression.  15 

In our in vivo experiments, we also found increased COX-2 expression in the heart from 16 

acute viral myocarditis (Table 1). Previous studies, including our own, have shown that IL-1β 17 

increases COX-2 protein levels in vascular, bronchial and mesenteric lymphatic smooth muscle 18 

(26, 41, 42). To test whether IL-1β induces the same effect in RCLMC, we examined the effect 19 

of inflammatory cytokines on COX-2 protein expression levels. IL-1β-treated RCLMC showed a 20 

nearly a 10-fold increase in COX-2 protein levels: density values (arbitrary unit) = IL-1β, 21 

154,152±26,313 vs. control, 15,240±4,927, ** p < 0.01, while TNF-α had no effect on COX-2 22 

levels. To test whether the synergy between IL-1β and TNF-α that decreased contractility of 23 
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RCLMC was related to increased COX-2 protein expression; we tested the effect of these 1 

cytokines in combination on RCLMC COX-2 expression. IL-1β + TNF-α induced 30-fold higher 2 

levels of COX-2 compared with controls (IL-1β + TNF-α, 440,828±36,957 vs. control, 3 

15,240±4927, *** p < 0.001) and about 3-fold higher levels than IL-1β alone (IL-1β, 4 

154,152±26,313, # p < 0.001). Again, Anakinra blocked the increased level of COX-2 induced 5 

by IL-1β or IL-1β + TNF-α (Figure 4 A and B). 6 

 7 

COX-2 inhibition blocks IL-1β-induced RCLMC relaxation.  8 

To test whether IL-1β-induced RCLMC relaxation depends on COX-2, we tested the 9 

effect of a selective COX-1 inhibitor (COX-1i = TFAP), a nonselective COX-1 and 2 inhibitor 10 

(COX-1/2i = Diclofenac) or a selective COX-2 inhibitor (COX-2i = Dup-697) on IL-1β-induced 11 

RCLMC relaxation. RCLMC/collagen gels were treated with either control media, IL-1β, IL-1β 12 

+ COX-1 inhibitor, IL-1β + COX-1/2 inhibitor or IL-1β + COX-2 inhibitor. We found that COX-13 

2 inhibition by both the nonselective COX-1/-2 inhibitor (diclofenac) (96.3±1.8% vs. control, p > 14 

1.0) and the selective COX-2 inhibitor (Dup-697) (103.6±1.4% vs. control, p > 1.0) blocked the 15 

IL-1β-induced RCLMC relaxation, maintaining RCLMC at the same levels of contraction as 16 

controls (Figure 5A). On the other hand, the selective COX-1 inhibitor had no effect on IL-1β-17 

induced RCLMC relaxation (79.4±5.2% vs. control, ** p < 0.01). Treatment with none of these 18 

COX inhibitors alone showed any direct effects on RCLMC tonic contraction (Figure 5B).  19 

 20 

IL-1β dose dependently induces PGE2 production in RCLMC, while IL-1β receptor 21 

blockade inhibits PGE2 production.  22 
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In vascular, bronchial and mesenteric lymphatic smooth muscle cells, IL-1β has been 1 

shown to potently induce a vasodilator PGE2 (26, 41, 42). To test whether IL-1β could induce 2 

PGE2 production in RCLMC, we quantified PGE2 in supernatants of RCLMC following 3 

treatment with IL-1β, TNF-α or IL-1β + Anakinra. IL-1β significantly increased PGE2 levels in a 4 

dose dependent fashion compared with control: 20 ng/ml, 1,152±141 pg/ml, *** p < 0.001; 10 5 

ng/ml, 849±22 pg/ml, ** p < 0.001; and 5 ng/ml, 412±17 pg/ml, * p < 0.001; vs. control, 6 

81.6±3.1 pg/ml (20 ng/ml vs. 10 ng/ml # p < 0.05, 5 ng/ml vs. 10 ng/ml, $ p < 0.01) (Figure 7 

6A), while Anakinra blocked PGE2 induction in RCLMC treated with IL-1β (50±9 pg/ml vs. 8 

control 82±3 pg/ml, p > 0.99). TNF-α had no significant effect on PGE2.  9 

 10 

EP4 receptor antagonist blocks IL-1β-induced RCLMC relaxation, while PGE2 induces 11 

RCLMC relaxation.  12 

To examine whether the PGE2 receptor EP4 was required for IL-1β-induced RCLMC 13 

relaxation, we treated RCLMC with IL-1β + the EP4 receptor antagonist (GW627368X, 10-7M 14 

and 10-6M). We found that EP4 receptor blockade prevented IL-1β-induced RCLMC relaxation 15 

(95.4±0.8% and 94.8±1.8% vs. control, p = 0.327 and p = 0.186, respectively) (Figure 6B). 16 

Lastly, to test whether PGE2 by itself could induce RCLMC relaxation; we treated RCLMC with 17 

exogenous PGE2. We found that PGE2 induced RCLMC relaxation (82.9±1.78% vs. control, ** 18 

p < 0.01). Anakinra showed no significant effect on PGE2-induced RCLSMC relaxation. 19 
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Discussion 1 

Clinical and experimental studies in viral myocarditis have shown that, in addition to injury of 2 

the myocardium by immune cell infiltrates, vascular dysfunction and vasospasm also contribute 3 

to the progression of viral myocarditis into DCM (43-46). However, it remains unknown whether 4 

and how cardiac lymphatic dysfunction might contribute to the pathophysiology of myocarditis.  5 

During the early acute phase of murine viral myocarditis (0 to 3 dpi), Shioi et al. reported 6 

increased mRNA signatures for several different inflammatory cytokines, especially IL-1β and 7 

TNF-α, have been reported within the ventricular myocardium (27). Other reports have shown 8 

high protein levels of these cytokines, which were persistently expressed during acute/subacute 9 

(4 to 14 dpi) through chronic (15 to 90 dpi) phases of murine viral myocarditis (27, 47, 48).  10 

Our data (Table 1) show that the cardiac gene expression of IL-1β and TNF-α were 11 

significantly elevated during the acute phase of viral myocarditis (7 dpi). Moreover, gene 12 

expression of COX-2, (also known as PTGS2), and the G-protein-coupled receptor EP4 13 

prostanoid receptor, (also known as PTGER4) were significantly elevated in acute myocarditis. 14 

Using PCA, we demonstrated that mice with myocarditis could be distinguished from control 15 

mice using expression patterns of pro-inflammatory molecules and lymphatic markers, 16 

suggesting that this set of molecules potentially contribute to the etiology of myocarditis and 17 

may represent important and predictive biomarkers for this condition (Figure 2).  18 

In the current experiments, although we found a potent induction of several inflammatory 19 

mediator genes including, IL-1β and TNF-α during acute experimental viral myocarditis, 20 

expression for mRNAs for lymphatic markers, LYVE-1 and VEGFR3 did not show significant 21 

changes compared with control. Since immune cell infiltration in TMEV-induced myocarditis 22 

has been shown to be active and progressive by 7 dpi, cardiac lymphangiogenic responses may 23 
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be absent or depressed at early stage of acute viral myocarditis (32, 33). Our in vivo myocarditis 1 

model did not support a role of lymphangiogenesis (i.e. no increases in lymphatic gene 2 

expression, (see results section)) which directed us to study the roles which may be played by 3 

lymphatic muscle cells.  4 

In addition to the possibility of inefficient induction of lymphangiogenic responses in 5 

acute viral myocarditis (50), inflammatory mediators may depress contractility of cardiac 6 

lymphatics to further negatively influence lymph transport. Hence, stimulation of 7 

lymphangiogenesis and/or enhancement of lymph vessel propulsion may help compensate for 8 

low transport capacity per vessel to restore the myocardial lymph flow rate and relieve edema in 9 

myocarditis (22). Previously, we demonstrated that inflammatory cytokines, IL-1β and TNF-α, 10 

which are elevated in murine colitis and inflammatory bowel disease, induced profound LEC 11 

dysfunction, and also reduced mesenteric lymphatic muscle cell tonic contractility (26, 53).  12 

In the current study, we examined effects of inflammatory cytokines, in particular IL-1β 13 

and TNF-α, on RCLMC tonic contractility. IL-1β significantly impaired RCLMC tonic 14 

contractility in a dose-dependent fashion, while TNF-α alone had no effect (Figure 2). We then 15 

studied the combined effect of TNF-α and IL-1β on RCLMC tonic contractility, compared with 16 

IL-1β alone. We found that, although TNF-α had no direct effect on RCLMC contractility, TNF-17 

α did significantly potentiate the “relaxing” effect of IL-1β (Figure 3A). This indicates that 18 

synergy exists between IL-1β and TNF-α in the depression of RCLMC tonic contractility, but 19 

does not rule out the effect of other cytokines being involved in these responses. Moreover, 20 

previous studies have reported that IL-1β-mediated VSMC relaxation effect in a dose-dependent 21 

fashion, or acted synergistically with TNF-α to induce VSMC relaxation (54, 55).   22 
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IL-1β is one of the major cytokines predictive of poor outcomes in myocarditis (27). 1 

Clinical trials in patients with rheumatoid arthritis have shown that Anakinra, a recombinant 2 

form of IL-1 receptor antagonist, (IL-1RA) a blocking-‘decoy’ agonist of the IL-1 receptor (67) 3 

had beneficial effects on cardiac health measured by its ability to prevent restenosis, improve 4 

endothelial function, maintain coronary flow and left ventricular function (56-59). Further, IL-1 5 

receptor blockade (using IL-1 receptor antagonist gene therapy) was shown effective at 6 

improving the survival rate in murine model of myocarditis induced with encephalomyocarditis 7 

virus (EMCV) (60). Based on our observations, we speculated that the protective effect by IL-1 8 

receptor blockade in myocarditis may be at least partially due to maintenance of cardiac 9 

lymphatic contractility. To understand the potential contribution of IL-1β in such pathologies, we 10 

then tested how IL-1β blockade using Anakinra would affect RCLMC tonic contractility 11 

following challenge with either IL-1β alone or TNF-α + IL-1β (Figure 3A). Pharmacological 12 

inhibition of IL-1 receptor activity using Anakinra maintained RCLMC contractility following 13 

treatment with IL-1β alone or TNF-α + IL-1β in combination. These results suggest that IL-1β 14 

represents a major ‘relaxant’ cytokine and that TNF-α can potently intensify effects of IL-1β, 15 

since Anakinra also blocked the synergistic effect.  16 

In acute viral myocarditis, cardiac tissue also produces substantial amounts of both COX-17 

2 and COX-2 products, e.g. PGE2 (61). IL-1β is known to be a potent inducer of COX-2 in both 18 

vascular and lymphatic muscle cells, as well as in virally infected macrophages (26, 41, 62). 19 

Since we found induction of both IL-1β and COX-2 gene expression in acute myocarditis in vivo, 20 

we studied the effect of IL-1β on COX-2 protein induction in RCLMC in vitro. We found that 21 

IL-1β increased COX-2 expression in RCLMC, while TNF-α alone had no effect. TNF-α 22 

combined with IL-1β induced a greater increase in COX-2 levels than IL-1β alone, while 23 
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Anakinra prevented the increased expression of COX-2 induced by either IL-1β or IL-1β+TNF-α 1 

(Figure 4). These results further support the concept of synergy between IL-1β and TNF-α in 2 

decreasing RCLMC tonic contractility, acting via higher-induction of COX-2 expression 3 

mediated by cumulative IL-1β and TNF-α signaling. Moreover, COX-2 inhibition using either 4 

the non-selective COX inhibitor diclofenac or the selective COX-2 inhibitor DuP-697 blocked 5 

IL-1β-induced RCLMC relaxation. On the other hand, COX-1 inhibition, using the selective 6 

COX-1 inhibitor TFAP, had no effect (Figure 5A). These results show that IL-1β-induced 7 

RCLMC relaxation in vitro depends on COX-2. 8 

In our previous study, we demonstrated that IL-1β markedly increased PGE2 synthesis by 9 

mesenteric lymphatic muscle cells (26). Furthermore, previous studies have shown that IL-1β 10 

mediates PGE2 production in vascular and bronchial smooth muscle in an endothelial 11 

independent fashion (42, 63). Thus, we tested the effect of IL-1β on PGE2 production in 12 

RCLMC. PGE2 was markedly induced by IL-1β, but not by TNF-α alone, in a dose dependent 13 

fashion, while the induction of PGE2 was prevented by Anakinra (Figure 6A). Then, we tested 14 

whether direct PGE2 stimulation could decrease RCLMC tonic contractility as was similarly 15 

found for IL-1β. PGE2 reduced RCLMC contractility similar to IL-1β; indicating that IL-1β 16 

induced PGE2 production from RCLMC could potentially mediate RCLMC relaxation in an 17 

autocrine fashion, independent of endothelial cells (Figure 6B). We next tested the effect of the 18 

EP4 receptor antagonist GW627368X on IL-1β-induced RCLMC relaxation. GW627368X 19 

blocked IL-1β-induced RCLMC relaxation, suggesting that IL-1β could induce PGE2 production, 20 

which acts in an autocrine fashion to decrease RCLMC tonic contractility via EP4 stimulation 21 

(Figure 6B). 22 
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Our present study reveals that inflammatory cytokines, especially IL-1β, can exert a 1 

profound depressant effect on cardiac lymphatic muscular contractility via COX-2 mediated 2 

PGE2 production and EP4 receptor activation to inhibit RCLMC tonic contraction. This pathway 3 

may also involve phenotypic transition in RCLMC, as IL-1β has shown to be the only 4 

inflammatory cytokine to trigger this phenotypic transition of vascular smooth muscle cells from 5 

contractile to stellate cells (63). This trans-differentiation process has also been shown to involve 6 

reduction in the expression of contractile proteins and disruption of focal adhesions and actin 7 

stress fiber organization in response to the autocrine/paracrine secretion of PGE2 and EP4 8 

activation (63). 9 

Although the diameter of cardiac lymphatic vessels has never been examined in 10 

myocarditis, increased lymphatic vascular diameter has shown to increase proportionally with 11 

the severity of inflammation in other inflammatory diseases (23). Thus, the loss of cardiac 12 

lymphatic tonic contractility induced by IL-1β seen in our current study, could reflect 13 

lymphostasis and vessel dilation. Within non-contracting but valve bounded collecting 14 

lymphatics, vessel tone may also maintain a sufficiently constricted vascular radius, which 15 

permits appropriate apposition of lymphatic valve leaflets, which establish and maintain 16 

unidirectional lymphatic flow. It is also possible that if a sufficient level of tonic vessel 17 

contraction is not maintained, normal valve sealing may not occur leading to lymph stasis or 18 

reflux. Thus, while probably not directly participating in the active propulsive lymph transport, 19 

tonic lymphatic muscle contraction nerveless may play important roles in maintain a functional 20 

and unidirectional lymph transport (64). Therefore, the loss of cardiac lymphatic tonic 21 

contractility induced by IL-1β would exacerbate myocardial edema leading to accumulation of 22 
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inflammatory mediators and immune cells within the heart which is described schematically in 1 

Figure 7. 2 

The current study has defined molecular mechanisms that might underlie in myocarditis 3 

pathophysiology. The relaxing effect of IL-1β on cardiac lymphatics may provide a novel 4 

mechanism linking IL-1β to reported poor clinic outcomes in myocarditis, and help identify 5 

strategies to prevent progression from acute myocarditis to DCM, although further studies are 6 

necessary to better understand potential roles of the cardiac lymphatic system in the etiology of 7 

myocarditis and to determine the extent to which lymphatic failure drives progression of 8 

myocarditis into DCM. In summery our current results provided crucial mechanistic and 9 

translational insights that may help exploit lymphatics as novel targets for therapeutic 10 

management of myocarditis (65).  11 

  12 
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Figure legends 1 

Figure 1. Immunolocalization of muscular, non-muscular lymphatics and blood vessels in the 2 

heart. Figure 1 shows dual stained muscular lymphatic vessels (shown by yellow staining and 3 

yellow arrows, lower right panel) which were distinct from LYVE-1-/SMA+ (red staining and red 4 

arrows) blood vessels, and from non-muscularized collecting lymphatics (green and green 5 

arrows, lower right panel). DAPI nuclear staining is shown in lower left panel.  6 

 7 

Figure 2. Principal component analysis (PCA) of mRNA levels of 12 key pro-inflammatory and 8 

lymphatic markers selected from transcriptome data of the hearts from Theiler’s murine 9 

encephalomyelitis virus (TMEV)-infected mice with myocarditis. A) PCA separated clearly 10 

between the mice with viral myocarditis versus control mice, based on principal component (PC) 11 

1. B) PC1 explained 54% of variance among the mouse heart samples. C) Gene expression levels 12 

of seven pro-inflammatory [interferon (IL)-β, interferon (IFN)-γ, and tumor necrosis factor 13 

(TNF)-α], IL-1 receptor 1, and receptors [prostaglandin E receptors (EP2 and EP4) and 14 

cyclooxygenase (COX)-2] contributed to PC1 distribution positively, while five gene expression 15 

levels, particularly, COX-1 and vascular endothelial growth factor receptor (VEGFR) 3, 16 

contributed negatively. PCA was conducted using an R package ‘prcomp’. Five mice per group 17 

were used and the hearts were harvested on 7 days post infection (dpi).  18 

 19 

Figure 3. IL-1β dose-dependently decreased rat cardiac lymphatic muscle cells (RCLMC) tonic 20 

contractility. A) IL-1β significantly decreased RCLMC tonic contractility compared with 21 

controls. TNF-α alone (20 ng/ml) produced a slight relaxation which was not significant 22 

compared to controls. TNF-α did significantly enhanced the relaxing effect of IL-1β on RCLMC 23 
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compared with IL-1β alone. Anakinra maintained RCLMC tonic contractility in the presence of 1 

IL-1β or IL-1β  + TNF-α at day 4. n= 6, *** p < 0.001 vs. control, ** p < 0.01 vs. control, # p < 2 

0.01 IL-1β  +TNF-α vs. IL-1β. B) IL-1β decreases RCLMC tonic contractility in a dose 3 

dependent fashion. n= 6, *** p < 0.001 vs. control, ** p < 0.01 vs. control, * p < 0.05 vs. control, 4 

# p < 0.01 IL-1β (20 ng/ml) vs. IL-1β (10 ng/ml), $ p < 0.01 IL-1β (20 ng/ml) vs. IL-1β (5 5 

ng/ml). One-way ANOVA, with Bonferroni’s post-hoc test; data are mean ±SEM. 6 

 7 

Figure 4. IL-1β alone or IL-1β + TNF-α induced COX-2 expression in RCLMC, which was 8 

suppressed by Anakinra. A) RCLMC were treated with IL-1β, TNF-α, IL-1β + TNF-α , in the 9 

presence or absence of Anakinra for 24 hours (h). Equivalent amounts of total cell protein were 10 

subjected to Western blot analysis with antibodies against COX-2 and α-actin. B) The density of 11 

COX-2 bands was quantified. IL-1β treated RCLMC increased COX-2 protein levels 12 

significantly (p < 0.01), while TNF-α had no effect on COX-2 compared with control. TNF-α 13 

combined with IL-1β induced a higher-induction of COX-2 levels compared with IL-1β alone. 14 

Anakinra blocked the increased level of COX-2 induced by IL-1β alone or IL-1β + TNF-α after 15 

24 h of treatment. n= 3, *** p < 0.001 vs. control, ** p < 0.01 vs. control, # p < 0.01 IL-1β 16 

+TNF-α vs. IL-1β alone. One-way ANOVA, with Bonferroni’s post-hoc test; data are mean 17 

±SEM. 18 

 19 

Figure 5. COX-2 inhibition blocked IL-1β-induced RCLMC relaxation. A) COX-2 inhibition by 20 

both the nonselective COX-1/2 inhibitor (diclofenac) and the selective COX-2 inhibitor (Dup-21 

697) blocked the IL-1β-induced RCLMC relaxation. On the other hand, the selective COX-1 22 

inhibitor (TFAP) had no effect on IL-1β-induced RCLMC relaxation. B) None of COX inhibitor 23 
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treatments alone, (diclofenac, Dup-697 or TFAP), showed any significant effects on RCLMC 1 

contractility compared with control treatment. n= 6, ** p < 0.01 vs. control. One-way ANOVA, 2 

with Bonferroni’s post-hoc test; data are mean ±SEM. 3 

 4 

Figure 6. IL-1β dose dependently induced PGE2 production in RCLMC, while EP4 receptor 5 

antagonist blocked IL-1β-induced RCLMC relaxation. A) IL-1β significantly increased PGE2 6 

production in RCLMC in a dose-dependent fashion (5-20ng/ml) compared with controls, while 7 

Anakinra blocked PGE2 induction in RCLMC after 24 h of IL-1β (20ng/ml) treatment. TNF-α 8 

alone (20ng/ml) showed no significant effect on PGE2 production in RCLMC. n= 3, *** p < 9 

0.001 vs. control, ** p < 0.01 vs. control, * p < 0.05 vs. control, # p < 0.01 IL-1β (20 ng/ml) vs. 10 

IL-1β (10 ng/ml), $ p < 0.01 IL-1β (20 ng/ml) vs. IL-1β (5 ng/ml). B) EP4 receptor antagonist 11 

(GW627368X, 10-7M and 10-6M) blocked IL-1β (20ng/ml) induced RCLMC relaxation. PGE2 12 

treatment alone also induced RCLMC relaxation, while Anakinra treatment showed no 13 

significant effect on the PGE2-induced RCLMC relaxation. n= 5, ** p < 0.01 vs. control. One-14 

way ANOVA, with Bonferroni’s post-hoc test; data are mean ±SEM. 15 

 16 

Figure 7. Diagram of cardiac lymphatic contraction disturbances in myocarditis. Dysfunction of 17 

lymphatic flow may occur in myocarditis in response to inflammatory cytokines including IL-1β 18 

and TNF-α. Prolonged expression and accumulation of inflammatory cytokines play a role in 19 

driving the progression from acute myocarditis into dilated cardiomyopathy (DCM) via failure of 20 

cardiac lymphatic pump to clear these inflammatory cells and their evolved cytokine. In acute 21 

myocarditis accumulation of these cytokines leads to a vicious cycle of inflammation and 22 

lymphostasis (insufficient lymphangion contractility) which exacerbates tissue damage and 23 
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DCM. IL-1β and IL-1β+TNF-α exert a profound depressant effect on cardiac lymphatic 1 

muscular contractility via COX-2 mediated PGE2 production and EP4 receptor activation in an 2 

autocrine fashion to inhibit tonic contraction in an endothelial independent mechanism.  3 

 Established effects of IL-1β / IL-1β+TNF-α are shown as dashed lines. COX-2, 4 

cyclooxygenase-2; PGE2, prostaglandin E 2; EP4, prostaglandin E receptor 4. 5 

  6 
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Table 1. Changes in genes expression in viral  1 

              myocarditis (day 7)  2 

 3 

Trivial gene name  
(gene symbol) 

Fold 
change 

P value 

IL -1β (Il1b)***  2.2 0.001 

TNF-α (Tnf)***  2.06 0.001 

IFN-γ (Ifng)***  2.36 0.001 

COX-1 (Ptgs1)**  0.77 0.01 

COX-2 (Ptgs2)***  2.17 0.001 

IL -1 receptor 1 (Il1r1) 1.05 0.55 

EP1 (Ptgsr1) 0.99 0.83 

EP2 (Ptgsr2) 1.12 0.10 

EP3 (Ptgsr3) 0.95 0.75 

EP4 (Ptgsr4)***  1.39 0.001 

LYVE-1 (Lyve1) 0.91 0.32 

VEGFR3 (Flt4) 0.95 0.15 

 4 

Levels of inflammatory mediator genes measured in heart tissue from control mice and mice 5 

with TMEV acute myocarditis.  6 

n= 5, *** P < 0.001 vs. control, ** P < 0.01 vs. control. Student’s t-test; data are mean 7 

Table 1. Levels of inflammatory mediator genes measured in heart tissue from control mice and 8 

mice with TMEV acute myocarditis. n= 5, *** p < 0.001 vs. control, ** p < 0.01 vs. control. 9 

Student’s t-test; data are mean ± standard error of the mean (SEM). 10 

11 
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