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Heart disease is the leading cause of death worldwide. Myocarditis, or inflammation of the cardiac muscle, is estimated to cause up to 1.5 million cases annually, with viral infection being the most common disease culprit. Past studies have shown that Parvovirus B19 is routinely detected in endomyocardial biopsies. This virus has been linked to acute heart inflammation, which can cause cardiac muscle damage. However, because Parvovirus B19 can be found in the heart tissues in the absence of disease symptoms, it is unclear if the long-term presence of the virus contributes to, or initiates, heart disease. Here, we utilized a PCR-based detection assay to assess the presence of the B19V genome and its mRNA intermediates in human heart tissues. The analysis was carried out in three heart layers derived from one individual: epicardium, endocardium and myocardium. We showed the Parvovirus B19 genome presence variability in different heart layers. Similarly, viral transcriptional activity, assessed by the mRNA presence, was detected only in a few of the analyzed samples. Our results suggest that localized sites of Parvovirus B19 infection may exist within individual heart layers, which may have implication for the cardiac muscle inflammation.
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Introduction

Parvovirus B19 (B19V) is a known cause of Erythema infectiosum, or fifth disease, in humans. This small, non-enveloped virus of approximately 5.6 kb in length belongs to the Parvoviridae family. The viral genome consists of a coding region, flanked by identical terminal repeats (ITRs) on both sides (1). The coding region is translated into a nonstructural protein (NS1), 2 capsid proteins (VP1 and VP2), and also two nonstructural proteins (7.5kDa and 11kDa) produced during B19V infection (2). More than 50% of adolescents have antiparvovirus B19 antibodies, which makes the virus a common childhood infection (3). Adults can also come down with fifth disease, and it is estimated that most people are seropositive by the time they reach 50 years of age. B19V causes a variety of symptoms, such as rash that first appears on a face, and later spreads to the trunk and extremities, fever, headache, nausea or joint pain (4). The majority of immunocompetent individuals recover from the disease on their own. Nonetheless, people with a weakened immune system may experience anemia, and some preexisting conditions, such as sickle-cell anemia, may cause individuals infected with B19V to develop a transient aplastic crisis, or pure red blood cell aplasia (5, 6). Exposure to fifth disease during pregnancy can lead to a transmission of the virus to the fetus, which may result in hydrops fetalis and pregnancy complications (3). Interestingly, the virus is commonly found in the human heart while performing endomyocardial biopsies, suggesting that it can persist in the cardiac tissue after the initial infection (7). The B19V genome has been previously detected in patients suffering from heart disease, as well as in healthy individuals (8–10), although the role the virus may play in the development or the progression of heart disease is not well understood.

The heart is composed of three layers: epicardium (outer), myocardium (middle) and endocardium (inner), each with different cellular composition. Epicardium, which has a protective function, contains mesothelial cells (11), whereas myocardium is composed of cardiomyocytes responsible for the cardiac contractile force (12). Endothelial cells and connective tissues are characteristic of endocardium, which protects the inner heart tissue (13). It is thought that non-cardiomyocytes, such as fibroblasts, endothelial cells and smooth muscle cells also play a role in the heart’s physiological function and the response to injury (12, 14, 15). B19V does not infect cardiomyocytes, but it has been previously shown to be able to infect the vascular endothelial cells due to the presence of P-antigen/α5β1-integrin on these cells (16). Typically, the virus is unable to complete its full replication cycle in these cells. Interestingly, replication of B19V in the endothelial cells have been reported in patients suffering from acute viral myocarditis (7).

The first case of B19V-induced heart disease was described in 1993, but it took another decade of research to suggest that B19V may be a causative agent of cardiac inflammation (17, 18). Numerous studies have reported B19V as a cause of acute and fatal myocarditis (19–21), and shed light on cardiac dysfunction associated with both acute and chronic infection with this virus. In situ hybridization experiments detected the presence of the B19V genome in the endothelial cells of myocardium, and in small arteries and arterioles in individuals suffering from acute inflammatory cardiomyopathy (8, 17, 22). It was suggested that the subsequent damage to the heart could be a result of cytopathic effect or immune system activation and inflammation (16, 23). Past studies have reported myocyte damage after inflammatory cell recruitment (24), as manifested by the presence of inflammatory infiltrates in the heart muscle fibers (25), or myocyte vacuolization (26). The infection of cardiac cells by B19V can cause diminished coronary microcirculation and cardiac myocyte necrosis, which are hallmarks of cardiac pathology (8, 24). Studies also reported that chronic cardiac inflammation can be associated with the presence of B19V in the capillary system of the myocardium (22). In both acute and chronic infection of B19V-induced cardiac pathogenesis, high levels of cytokines: interferon γ, tumor necrosis factor α, as well as interleukins 6 and 8 are thought to mediate cardiac inflammation and necrosis (27). B19V is also the most frequently detected viral genome in patients suffering from dilated cardiomyopathy (DCM) (28). On the other hand, the B19V genome has been found in the hearts of healthy individuals (8, 29). For example, studies performed by Dennert et al. determined that 100 out of 125 patients with DCM, and 15 out of 20 healthy individuals had detectable levels of B19V in their heart tissues (9). Currently, it is not understood if the long-term B19V presence in the human heart tissue may be associated with negative cardiovascular outcomes, or if it could exacerbate already existing heart issues.

In this study, we analyzed human heart tissue samples obtained from patients suffering from heart disease (heart transplants or ventricular assist device – VAD implants), as well as cardiac tissues derived from individuals who had no reported cardiovascular issues at the time of death (controls). We assessed the presence of B19V DNA in three layers of the heart: epicardium, endocardium and myocardium, derived from the hearts of individual patients. Furthermore, we differentiated the latent and active B19V infection in the analyzed samples by detecting the VP1 mRNA intermediates.





Materials and methods




Heart tissue sample processing

The human heart tissue samples were obtained from the Gill Heart & Vascular Institute, KY. The tissues were derived from heart transplants or VAD implants, as previously described (30). The heart tissues were also obtained from tissue donors, who had no reported heart disease at the time of death (Figure 1). 50 mg +/- 2 mg of epicardium, endocardium, or myocardium, obtained from each individual was dissected using a sterile scalpel before a nucleic acid extraction procedure. PRO Scientific Bio-Gen homogenizer was used to dissociate the heart tissue samples, and DNA and RNA were extracted using a Quick-DNA/RNA Miniprep Plus Kit (Zymo Research, D7003). RNA samples were treated with DNAse I at the time of the procedure to eliminate DNA contamination according to manufacturer’s instructions (31). The absence of residual DNA was independently verified in a PCR reaction to ensure no contamination in the RNA samples. The quantity of DNA and RNA was assessed using NanoDrop One spectrophotometry (Thermo Fisher Scientific), and the material quality was evaluated using 1% agarose gel electrophoresis. Following the extraction procedure, all samples were stored at -80°C.




Figure 1 | (A) Schematic representation of the human parvovirus B19 (B19V) genome. Viral proteins are shown as boxes, with the 3′ and 5′ UTRS on each end. The primer pair used to assess the presence of the viral DNA is marked above the viral protein region. (B) Clinical data of sampled patients. Patients 1-6 (white) had a history of cardiovascular disease at the time of death or heart transplant, whereas patients 7-10 (grey) had no reported heart disease at the time of death. Epicardium, endocardium and myocardium were collected from each individual patient.







Identification of B19V genome in the human heart tissue samples

PCR analysis was used to identify the VP1 region of B19V in the three layers of the heart. 75 ng of the total DNA from each individual heart layer sample along with primers specific to VP1 (F 5’ ACAACTACCCGGTACTAACTATGT 3’ and R 5’ CTCCACATGCTTTTGACAGGATTA 3’) was used for PCR amplification using the Phusion High Fidelity DNA Polymerase kit (Thermo Fisher Scientific). The conditions of the PCR reaction were as follows: 98°C for 30 sec, followed by 38 cycles of 98°C for 10 sec, 60°C for 20 sec, 72°C for 20 sec, with final extension at 72°C for 10 min. 1% agarose gel electrophoresis was used to visualize the PCR products in the presence of 6x Loading Dye. A positive control representing the VP1 region of B19V was amplified in a PCR reaction under the same conditions and used as a reference. DNA ladder (Thermo Fisher Scientific) was used as a DNA size reference.





Detection of B19V mRNA intermediates in the heart tissue samples

2000 ng of total RNA previously treated with DNAse I was used to generate cDNA using the SuperScript III first-strand synthesis system (Thermo Fisher Scientific). The RNA fragments were primed with random hexamers, as per manufacturer’s instructions, followed by incubation for 10 min at 25°C and 50 min at 50°C in the presence of the cDNA synthesis reagents. The resulting cDNA was incubated with RNAseA (Thermo Fisher Scientific) for 20 minutes at 37°C to eliminate residual RNA. 3 µl of each processed cDNA sample was used in a PCR reaction to assess the presence of viral mRNA. Specifically, primers F 5’ ACAACTACCCGGTACTAACTATGT 3’ and R 5’ CTCCACATGCTTTTGACAGGATTA 3’ were used for PCR amplification using the Phusion High Fidelity DNA Polymerase kit (Thermo Fisher), as described above. The conditions of the PCR reaction were as follows: 98°C for 30 sec, followed by 38 cycles of 98°C for 10 sec, 60°C for 20 sec, 72°C for 20 sec, with final extension at 72°C for 10 min. The cDNA products were visualized using 1% agarose gel electrophoresis in the presence of 6x Loading Dye, and the DNA ladder was used as a size reference.






Results




Detection of B19V genome in three human heart layers (epicardium, endocardium, myocardium)

The human heart layers were processed to obtain DNA, and 75 ng of material derived from epicardium, endocardium or myocardium from each individual was assessed for the presence of the VP1 gene fragment of the B19V genome. The PCR analysis of the screened samples yielded a 389 bp band in many of the analyzed samples (Figure 2), which was sequenced to confirm the B19V identity. Two sets of independently isolated heart tissue samples from each heart layer of each patient were assessed to confirm the presence of the viral genome, with similar results. To confirm the lack of detectable PCR product in samples negative for the B19V genome, a second set of PCR reactions was performed. Briefly, 2 µl of the first PCR product were used as a template in a second round of PCR reactions, which produced no detectable amplicon. We identified the B19V amplicon in 22 out of 30 total heart layer samples. Interestingly, the B19V genome was detected in the hearts of all 10 patients, although not every single layer of the heart derived from the same patient contained the viral genome (Figures 2, 3).




Figure 2 | Amplification of the VP1 region of B19V in extracted DNA samples. Epicardium, endocardium and myocardium heart samples derived from each patient were processed to obtain DNA, and amplified in a PCR reaction with VP1 specific primers. PCR products (389bp) were visualized using 1% agarose gel electrophoresis. The last sample in each gel is a positive control for the VP1 region of the B19V genome and it is used as a reference.






Figure 3 | (A) Amplification of VP1 region in cDNA samples derived from patients' total heart tissue RNA. Epicardium, endocardium and myocardium heart samples from each patient were processed to obtain RNA, followed by reverse transcription. The resulting cDNA was amplified in a PCR reaction, and the products representing the viral mRNA were visualized using 1% agarose gel electrophoresis. A positive control for the VP1 region of B19V (DNA) was used in a PCR reaction as a reference. (B) Comparison of B19V DNA and mRNA presence in the analyzed samples. The presence or absence of the virus (DNA or mRNA) is represented as "+", or "-", respectively.







Assessment of B19V mRNA in the human heart layers

To evaluate the B19V activity in the human hearts, the total RNA extracted from all three layers of the hearts was reverse transcribed to cDNA. Prior to the procedure, all RNA samples were treated with DNAse I, purified, and the absence of the B19V PCR amplicon was confirmed using gel electrophoresis. A 389bp PCR product was detected in 8 out of 22 heart layers previously identified as positive for the presence of the B19V genome. Similar to the findings described while analyzing the viral presence in different heart layers, the B19V mRNA was not detected in every sample positive for the B19V genome (Figure 3).






Discussion

Cardiovascular disease is the leading cause of death worldwide. The heart can be susceptible to various diseases that can disrupt or weaken its natural mechanism to pump blood throughout the human body, which supplies oxygen to cells and eliminates waste products. Viruses have been previously shown to cause cardiac inflammation, which is often characterized by the onset of viral agents or the immune response to viral infection (32, 33). There is ample scientific literature that illustrates the association between B19V infection and human heart malfunction (19–21, 25–27). In this regard, B19V has been described in the context of acute myocarditis, as manifested by detectable levels of viral genome in the heart tissue, histological examination and clinical symptoms, and potential long-term outcomes (16, 17, 20, 25, 26). Past research has also proven B19V to be the leading cardiotropic virus found in patients with both DCM and cardiomyopathy (7). Even though the virus does not target cardiomyocytes, the infection of endothelial cells of the myocardial vessels drives the inflammatory responses that in turn damage the cardiac muscle (24, 34).

It has been suggested that the persistence of B19V in the cardiac tissue may lead to mitochondrial impairment, which could also contribute to the heart muscle injury over time (35). On the other hand, the causative relationship between B19V and heart disease is complicated by the fact that the viral genome can be found in endomyocardial biopsies in the absence of disease symptoms. As a result, the concept of B19V persistence in the heart tissue and its impact on cardiovascular disease remains poorly understood.

Here, we utilized a PCR strategy to detect the B19V genome in 3 heart layers of 10 individuals. Patients 1-6 had a history of heart disease at the time of death or heart transplant, whereas patients 7-10 had no history of cardiac issues at the time of death. We were able to verify the presence of the B19V genome in the heart tissues, which had been previously shown in other studies. Interestingly, we could detect the B19V genome in all of the 10 patients, albeit not in the same heart layer. For instance, the B19V genome was found in the endocardium, but not in either epicardium or myocardium obtained from Patient #1. The differential pattern of the B19V genome presence in the three heart layers derived from the same individual was also observed in Patients 3, 4, 7 & 8. On the other hand, Patients 2, 5, 6, 9 & 10 had detectable B19V genome in all three layers of their hearts.

The persistence of B19V genome has been reported in a number of studies; yet, the reactivation of the B19V virus in such cases is poorly understood. Bock et al. reported that patients suffering from myocarditis or dilated cardiomyopathy were more likely to have the B19V genome detected in their hearts than the control individuals (23). The B19V RNA replicative intermediates were found only in the heart samples derived from the inflamed hearts, and not in the control patients who had no cardiac inflammation. Whether such viral reactivation may contribute to, or exacerbate already existing heart tissue inflammation, remains to be elucidated. More recently, B19V mRNA was also detected in the endomyocardial biopsies of individuals suffering from unexplained heart failure (36). In our own analysis, the transcriptional activity of B19V was assessed by analyzing the mRNA levels. The mRNA transcripts were present in 8 out of 22 heart layer samples previously shown to be positive for the presence of the B19V genome. Interestingly, Patients # 2 & 5 were positive for the viral genome and viral mRNA in all three layers of the heart. On the other hand, Patients # 6 & 9 had detectable levels of viral mRNA in only 1 layer of the heart, even though the B19V genome was present in all three layers. These results indicate that the B19V reactivation events can occur independently in different heart layers derived from the same patient. Furthermore, B19V mRNA was detected in a single heart layer derived from an individual with no reported heart disease. In the future, it will be interesting to investigate if such reactivation leads to a localized increase in inflammation, or whether it could initiate site-specific cardiac damage.

The reliable assessment of viral reactivation is a consistent problem in the field of cardiovascular health. While an active infection is marked by a significant viral load production, a persistent type of an infection is characterized by a low viral load, which could impact the detection of viral transcripts. In the context of the heart tissue, limited sample availability presents another challenge for evaluating the impact of reactivated viral species on patients’ outcomes. Finally, heart tissues from healthy donors are not always included in the studies as controls due to ethical reasons, which could influence the interpretation of the experimental results in the context of disease. Our results present evidence for differential B19V genome presence in human heart layers derived from a single patient. Similarly, the virus can be selectively activated in different regions of the heart, as shown by the mRNA assessment. We detected the mRNA intermediates in patients who had a history of heart disease, as well as in a control, but future large-scale analyses are needed to establish how these intermediates may play a role in cardiac damage. Importantly, given the lability of the mRNA molecule, as well as the absence of the splicing products, it will be imperative to employ additional methods, such as RNA-Seq or single-cell RNA sequencing, to assess the B19V transcriptional activity. Many questions regarding the role of B19V persistence and reactivation in the human heart remain, and future studies will likely provide insights into the mechanisms that may guide B19V mediated heart disease.
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