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ABSTRACT

Objectives :  The aim of this study is to evaluate HHV-6 and PVB19 infection using polymerase chain
reaction (PCR) and immunofluorescent assay (IFA) in the myocardium of pediatric
patients with dilated cardiomyopathy (DCM) and the impact of viral persistence in the
cardiac allograft after heart transplantation (HT).

Methods ¢ Multiplex droplet digital PCR was used to analyze the prevalence of viral sequences in

myocardial samples from 48 pediatric DCM patients and 10 control subjects. Of the 48
DCM patients, 44 underwent HT. After HT, consecutive endomyocardial biopsy (EMB)
samples were analyzed for the presence of PVB19 and HHV-6 antigens using IFA and
the patients were evaluated for rejections, coronary vasculopathy, and graft loss.

Results 1 Of the 48 DCM patients, 14 had positive viral PCR results in explanted/autopsy hearts.
Among them, PVB19 was found in 8/48, HHV6 in 4/48, both PVB19 and HHV6 in 1/48, and
enterovirus in one, but no adenovirus was found. The EMB samples obtained after HT
were positive for PVB19 and HHV-6 in 7/44 and 3/44 cases, respectively. Viral presence
in both the explanted heart and the cardiac allograft was demonstrated in 4 patients, 3 of
whom were positive for PVB19, and one of whom was positive for HHV-6 pretransplant.
Coronary vasculopathy and graft loss were more common in patients with PVB19-positive
myocardial tissues versus those who were PVB19-negative.

Conclusions :  Thereis an association between PVB19 and HHV-6 infection and DCM in children. The
study suggests the persistence of PVB19 and HHV-6 in the host can lead to subsequent
viral reactivation in the transplanted heart, even in those recipients who do not have active
myocarditis. PVB19 in the cardiac allograft tended toward higher adverse post-HT events.

Keywords :  Cardiotropic viruses, coronary vasculopathy, dilated cardiomyopathy,
immunofluorescent assay, pediatric heart transplantation, polymerase chain reaction

INTRODUCTION cardiomyopathy (DCM). The viruses that are frequently
detectable in the myocardium of pediatric patients
Viral infection is the most common cause of myocarditis
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include parvovirus B19 (PVB19), human herpesvirus
type 6 (HHV-6), enteroviruses, and adenovirus. Over
the last two decades, the viral genomes most frequently
detected in myocardium have changed from enterovirus
and adenovirus to PVB19 and HHV-6 in children
and adults."*) A recent study by Pietra et al., which
included both a pediatric cardiomyopathy registry and
a pediatric heart transplant study database, concluded
that myocarditis at presentation was associated with
increased death after transplantation.”? A number
of other studies have correlated endomyocardial
viral infection with pediatric heart transplant (HT)
outcomes. Schowengerdt et al. reported the role of
PVB19 endomyocardial viral infection in myocarditis and
allograft rejection in pediatric transplant recipients.
Another study by Shirali et al. systemically evaluated
over 500 biopsy specimens from transplanted children
and showed an outcome difference based on the
presence of the viral genome.® Similarly, Moulik et al.
identified viral genomes, including PVB19, in 39% of
myocardial biopsies from pediatric HT recipients and
found an association between the viral presence and the
development of cardiac allograft vasculopathy (CAV).

The persistence of viral infection in the myocardium
has been associated with disease progression in
children,% and adults,3) as well as relapse of
inflammatory cardiomyopathy after transplantation.'¢!
One of the conundrums for clinicians is the role of the
persistence of viruses in the myocardium of pediatric
DCM patients and its functional significance. The aim
of our study was to explore the presence of common
cardiotropic viruses (PVB19, HHV-6, adenovirus,
and enteroviruses) based on polymerase chain
reaction (PCR) assays in the myocardium of pediatric
DCM patients with endocardial fibroelastosis and
without evidence of acute inflammation. The secondary
aim was to evaluate the impact of the viral persistence
on post-HT outcomes.

METHODS

Study population and data sources

Forty-eight consecutive DCM patients who were clinically
followed at Children’s Medical Center Dallas, Texas, USA,
and 10 control subjects without any cardiac pathology
from the same institution between 2010 and 2016
were included for this study. The explanted/autopsy
heart tissues from both DCM cases and control subjects
were sampled. All patients had a clinical diagnosis of
DCM based on the echocardiographic finding of the
dilated left ventricle with severely decreased systolic
function and endocardial fibroelastosis confirmed
by histopathology. There was no evidence of acute
myocarditis in any of the 48 cases by Dallas criteria.l'!l
Control subjects, age < 18 years, included in this study
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from the same institution and same time period who
died from non-cardiac causes such as head trauma (3),
near-drowning (2), infants with bronchopulmonary
dysplasia (3), acute asthma (1), and noncontrollable
seizure (1) and the heart was included in the autopsy.
None of the control subjects had any evidence of
cardiomyopathy or myocarditis according to their final
autopsy report.

Forty-four of the 48 DCM patients underwent HT at the
same institution and were included for evaluation of
the persistence of the virus in the cardiac allograft. Two
hundred and fifty-eight endomyocardial biopsy (EMB)
samples (formalin-fixed paraffin-embedded tissue)
samples obtained within the 1%t year of HT, median
biopsies were 5 per each patient, ranged 1-10 biopsies
per patient, and were evaluated for the presence of
PVB19 and HHV-6 by immunofluorescent assay (IFA).
The medical records were evaluated for demographic
data and clinical variables including ventilator
support, use of life support such as extracorporeal
membrane oxygenation (ECMO) and ventricular assist
device (VAD), prior sensitization (PRA > 10%), induction
immunosuppression therapy (basiliximab versus
anti-thymocyte globulin), positive serum PCR for viruses
at the time of transplant, cytomegalovirus mismatch
between organ donor and recipient, and posttransplant
outcomes such as acute rejection, CAV, and graft
loss (retransplantation or death) during a follow-up of
1-8 years. For the purpose of this study, all major adverse
outcomes had prespecified definitions. The EMB protocol
for rejection surveillance, and criteria for the diagnosis
of acute rejections, and graft loss used in this study were
per the institutional protocol and International Society
for Heart and Lung Transplant (ISHLT) guidelines.['? The
diagnosis of CAV (any severity) was by angiography as
per the ISHLT guidelines."3) The details of institution
protocol for the evaluation of pediatric transplant
recipients at Children’s Medical Center Dallas has been
described previously.!#

The PCR analysis for virus in all control subjects’ autopsy
heart tissues and DCM patients’ explanted hearts
at the time of transplant or autopsy was performed
at the Molecular Virology Laboratory, University of
Washington, Seattle, in a blinded fashion. The IFA
analyses for the presence of PVB19 and HHV-6 of all
EMB specimens from cardiac allografts were performed
in the Virology Laboratory, University of Wuerzburg,
Germany. This study was approved by the institutional
review board of the Children’s Medical Center and UTSW
Medical Center Dallas.

Polymerase chain reaction and real-time polymerase
chain reaction assay

Previously published real-time PCR (TagMan) or
RT-PCR assays were used employing primers and
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probes designed to amplify specific sequences of
enteroviruses,['>l adenoviruses,!'® and HHV-6.['"] For the
detection of PVB19 by real-time PCR, the forward and
reverse primers were Parvol860 (TGA AAA CTG GGC
AAT AAA CTA CAC) and Parvo 1947 (CTG ATA CTG GTG
TCT GT), respectively; the FAM-labeled TagMan probe
was Parvo 1917 (TGC CCT CCA CCC AGA CCT CCA AAC
CA). Each 50 ul PVB19 PCR reaction contained 5 ul of
ABI GeneAmp10x PCR buffer II, 4 ul glycerol, 10 ul MgCl,
(25 mM), 2.2 ul forward and reverse primer mix (16.6 uM
each oligonucleotide), 0.125 ul 5-carboxy-rhodamine-X,
1 ul deoxy nucleotide triphosphate mix (10 mM each
nucleotide), 1 ul probe (10 uM), 0.5 ul AmpliTaq
DNA polymerase, 0.25 ul TagStart antibody, 0.05 ul
uracil-DNA glycosylase, and 20 ul of extracted DNA. The
thermocycling conditions were: 50°C for 2 min, 95°C
for 2 min, followed by 45 cycles of 95°C for 15 s and
60°C for 1 min. A known amount of control molecule
derived from jelly-fish DNA (EXO) and the specific PCR
primers and VIC-labeled TagMan probe were added to
all reactions to monitor inhibition of PCR amplification.
For the DNA viruses, the viral titers were normalized to
per million myocytes, whereas Enterovirus was reported
qualitatively as positive versus negative only.

Positive and negative controls for each viral
detection assay

For this study, each DNA extraction run included one
positive control consisting of a mixture of HHV-6 and
PVB19, and each RNA extraction run had one enterovirus
positive sample to serve as the positive control. Standards
and two no template negative controls were included
in every DNA PCR run. The EXO internal control was
spiked into PCR mixtures to monitor for potential PCR
inhibitors in the DNA. Negative results were accepted
only if the EXO was amplified. The positivity cutoff
was set as one copy per reaction. Enterovirus RT-PCR
results were qualitative and accepted only if RPP-30
mRNA amplification proved that RNA was recovered
from the samples, no template controls on the same run
were negative and positive controls were positive. The
positivity cutoff of enterovirus RT-PCR was ten copies
per reaction.

Immunofluorescent assay

The IFA analysis was performed using specific antibodies
against PVB19 and HHV-6 in 258 consecutive EMB
samples from cardiac allografts of 44 transplant
recipients with appropriate positive and negative
controls. The protocol for this is previously described.8!
Notably, the IFA detected late viral antigens indicative of
active replication at the time of biopsy. The IFA positive
PVB19 and HHV-6 were confirmed using RNA in situ
hybridization in the myocardial samples. There was no
positive PVB19, HHV-6 in the blood sample of any of the
patients before transplant. The IFA used for myocardial
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biopsy samples because for technical reasons. As the
study spanned over 6 years, as per the virology team at
WU Seattle, the sensitivity of the detection of the viral
genome from FFPE tissue decreases after 5 years. The
IFA using antibodies against late viral antigens indicate
active viral infection in the EMB samples, which cannot
be concluded from PCR assays. Although PCR is the most
sensitive and it would have been ideal to perform only
PCR, we acknowledged this in our limitation section.

Statistical analysis

Summary statistics are presented as mean + standard
deviation (SD) with medians, or described as
numbers and percentages, as appropriate. Baseline
characteristics between patients with and without virus
in the myocardium were compared by an independent
t-test (two-sided P values used) or Mann-Whitney U
test for continuous variables, and the Chi-square test
or Fisher exact test for categorical variables. Time from
the transplant to adverse outcomes (CAV, rejections, and
graft failure) was analyzed using the Kaplan-Meier (K-M)
method and the over-all differences were evaluated by
the log-rank test. A P < 0.05 was considered statistically
significant.

RESULTS

Patients

A total of 48 pediatric DCM patients were included in
the study, age range 0.1-17.6 (mean, 6.3 + 6.2) years.
Of these, 25 were male (52%), and 44 (91.6%) patients
underwent successful HT. The characteristics of all
44 patients who underwent HT were divided into two
groups based on the PCR positive viral status at the time
of HT and described in Table 1. There were no significant
differences in demographic or clinical characteristics,
including induction immunosuppressive regimens
between the two groups at the time of transplant. Patients
were followed for 1-8 years after HT, and the average
follow-up period was 4.5 + 1.7 years. Our maintenance
immunosuppression regimen includes tacrolimus
and mycophenolate mofetil for all patients. Patients
received appropriate cytomegalovirus prophylaxis as
per institutional guidelines.'*¥ The 1-, 3-, and 5-year
survival rates of the entire cohort were 100%, 98%, and
75%, respectively [Figure 1].

Results of viral testing

Among the viruses studied, PVB19 was positive in
8/48 (16.7%) of DCM patients before HT or death (viral
load, range from 1.76E4 to 1.28E6 copies/10E6
cells), HHV-6 in 4/48 (8.3%) (viral load, range from
2.16E2 to 7.98E5 copies/10E6 cells), enterovirus in
1/37 (RPP-30 mRNA did not amplify in 11 cases, which
could not be evaluated), and both HHV-6 and PVB19 in
1/48 (2.1%) (viral load, 1.86E3 and 1.28E6 copies/10 E6
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Figure 1: Kaplan—-Meir survival after heart transplantation in
pediatric dilated cardiomyopathy cohort

cells, respectively). All of the HHV-6 cases detected by
PCR in this study were due to HHV-6B type. Adenoviruses
were not detected in any sample. Four patients died
before HT and had negative PCR for any virus in their
autopsy heart specimens. Among the 10 control subjects,
one case (1/8 (12.5%), RPP-30 mRNA did not amplify in
2 cases) was positive for enterovirus only. Thus, using
PCR, we found PVB19 DNA in the myocardium of 8 DCM
patients and HHV-6 DNA in 4 patients, while neither virus
was detected in the myocardium of the control group.

Parvovirus B19 and human herpesvirus type 6
before and after heart transplantation

Of the 48 DCM patients, 44 received HT and viral
positivity was observed in the explanted myocardial
tissue of 14 (31.8%) of them. PVB19 was found in 8
of the 44 patients and HHV-6 was detected in 5. We
subsequently tested 258 serial biopsies from the cardiac
allografts of 44 HT recipients within the 1%t year of
transplantation for the presence of PVB19 [Figure 2]
and HHV-6 [Figure 3] by IFA. The cardiac allograft
tissue was positive for PVB19 antigen in 7/44 cases
and HHV-6 antigen in 3/44. All HHV-6 detected by
IFA were also HHV-6B type. Among these, ten patients
in whom active viral infection was observed after HT,
3 patients with PVB19-positive allografts had previously
had PVB19-positive explanted myocardial tissue, and
1 patient with an HHV-6-positive allograft had also had
HHV-6-positive explanted myocardial tissue.

Correlation between presence of parvovirus B19
and posttransplant outcomes

The K-M survival comparison between the PCR virus
positive and negative groups starting at the time of HT
showed no statistically significant difference for graft
loss [log rank, P=0.39, Figure 4]. However, when survival
analysis was compared between patients who were PCR

304

PVB19 negative
in myocardial tissues

PVB19 positive in cardiac tissue
from DCM patients before HT

PVB19 positive in cardiac tissue
from DCM patients after HT

Figure 2: Representative images showing immunofluorescence
analysis of PVB19 in PVB19 negative (control group), and positive
PVB19 in cardiac tissue from dilated cardiomyopathy patient and
myocardial biopsy samples from cardiac allograft after heart
transplantation in the same patient. Troponin (green) staining
was used as a control for cardiac tissue-specific staining. PVB19
positive areas (red) are indicated with white arrowhead. Expanded
images of PVB19 positive staining are shown within white boxes
wherever necessary. The scale bar represents 10 um

Table 1: Characteristics of 44 dilated
cardiomyopathy patients who underwent
transplantation stratified by polymerase chain
reaction viral status of explanted hearts

Variables With viral Without P
(n=14) viral (n=30)
Age at HT, yrs
Range 0.9-15.5 0.1-17.6 0.106
Median 10.4 2
Mean+SD 9.0+6.3 5.6+6.2
Male, n (%) 8 (57%) 16 (53%) 0.810
Race, n (%)
Hispanic 6 (43%) 10 (33%) 0.542
African American 4 (29%) 8 (27%) 0.879
White 4 (29%) 12 (40%) 0.465
Ventilator use, n (%) 2 (14%) 7 (23%) 0.490
MCS, n (%) 8 (57%) 12 (40%) 0.289
PRA >10%, n (%) 4 (29%) 10 (33%) 0.749
CMV mismatch, n (%) 3 (21%) 12 (40%) 0.226
Induction therapy, n (%)
Basiliximab 9 (64%) 23 (77%) 0.389
ATG 4 (29%) 7 (23%) 0.711
DSA, n (%) 6 (43%) 11 (37%) 0.697
Adverse outcomes, n (%)
Rejection 9 (64%) 13 (43%) 0.197
CAV 3(21%) 4 (13%) 0.497
Graft loss 2 (14%) 4 (13%) 0.928

(HT=heart transplant; MCS=mechanical circulatory support, PRA=panel
reactive antibody, CMV- cytomegalovirus; CAV=cardiac allograft
vasculopathy, ATG=anti-thymocyte globulin)

positive for PVB19 versus HHV-6, those with PVB19 had
a trend toward a higher graft loss [log rank, P = 0.05,
Figure 5]. After they received HT, we correlated the
posttransplant adverse events: acute rejections, CAV,
and graft loss with the viral status in their serial EMB
samples. There were eight episodes of acute rejections in
7 PVB19 positive allografts compared to 38 episodes of
acute rejections in 37 PVB19 negative allografts (Fisher’s
exact test, P = 0.45). Three of the 7 patients with
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HHV-6B positive
in myocardial biopsy sample

HHV-6B negative
in myocardial biopsy sample

Figure 3: Representative images showing Immunofluorescence
analysis of HHV-6B specific staining in cardiac allograft tissues
using HHV-6B OHV-3 antibody. Troponin (red) staining was used
as a control for cardiac tissue specific staining. HHV-6B positive
areas (green) are indicated with white arrowhead. Expanded image
of HHV-6B positive staining is shown within a white box. The scale
bar represents 10 um
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Figure 4: Kaplan—Meier analysis of overall graft survival rates
after heart transplantation in pediatric dilated cardiomyopathy
patients with virus-positive compared to virus-negative in the
explanted heart
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Figure 5: Kaplan—Meier analysis of overall graft survival rates after
heart transplant in pediatric dilated cardiomyopathy patients with
PVB19-positive compared to HHV-6-positive in explanted heart

PVB19-positive grafts (42.8%) had CAV and graft loss
compared to 5 of the 37 patients with PVB19 negative
allografts (13.5%) (relative risk = 3.17, odds ratio = 4.8).
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The 3 patients who had CAV and graft loss were the same
and the numbers were too small to determine a direct
relationship between the PBV19 and adverse outcomes.

DISCUSSION

We found an association between pediatric DCM and
PVB19, and HHV-6, which were detected at higher
frequency in patients than in the control group,
suggesting that these viruses are causative or contributory
to myocardial failure. Although enteroviruses have
classically been identified as the prime viral agents in
this condition,® new techniques to extract viral genomes
from the myocardium in children has revealed that
PVB19 and HHV-6 are an increasingly common cause of
inflammatory cardiomyopathies.!>>1%.201 The differential
diagnosis between infectious and noninfectious DCM
is of great clinical relevance not only because there is
an impact of specific viruses on clinical outcomes in
children who present with acute heart failure(%21221 but
also because there is an association with poor survival
outcomes after HT.!819 Despite the temporal relationship,
there are still controversies on the functional importance
of the persistence of viruses in DCM, partly due to the
lack of standardization and reliable molecular assays for
viral detection in the myocardium.??¥ In inflammatory
cardiomyopathy, as defined by AHA,?# viruses can still
be present despite normal-appearing EMB. Our findings
on the presence of the virus in the absence of acute
myocarditis is striking as it demonstrates the need for
sensitive molecular tools such as PCR and RT-PCR capable
of rapid and accurate viral detection and quantification
in DCM patients hospitalized for unexplained heart
failure.

Enterovirus was detected in only 1 patient and no
adenoviruses were detected in the myocardium of
explanted heart tissues in this study. Our results are
similar to a previous study on children with inflammatory
cardiomyopathy, in which 19 of 63 (30%) children were
PCR positive for specific viruses and PVB19 was the most
common virus.?! One explanation for the predominance
of PVB19 and HHV-6 in this study is similar to previous
reports of the epidemiological shift in viral infection.[¢]
However, the absence of adenoviruses stands in contrast
to other reports, in which they have been detected more
often than other viruses.?’) This difference may be
explained in part by variation in methods used in prior
studies and also concur with recent studies suggesting an
epidemiologic shift. An earlier study detected adenovirus
in 12% (18/149) of DCM samples using qualitative PCR.[?%
Another report described finding double the amount of
adenovirus in biopsies from the right ventricular wall
compared to those taken from the left ventricles.?¢!

A high prevalence of HHV-6 (43.7%) in archival tissue
of explanted hearts from pediatric patients with DCM
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has been reported previously.'” The identification of
PVB19 or adenovirus in the myocardium of pediatric
transplant recipients was found to be predictive of
adverse clinical events, including CAV, acute rejection,
and graft loss.['>891 However, latent viruses may also be
found in the hearts of patients without any evidence of
myocarditis or DCM, and a high degree of variability
regarding the prevalence and viral load has been
reported among different studies.?728

Large studies determining the prognostic value of
PVB19 viral load, co-infections, and virus activity are
lacking. Nevertheless, EMB results can help provide a
deeper understanding of the pathogenetic importance
of PVB19 in the development of coronary vasculopathy.
Graham et al. studied animal models and determined
that natural killer (NK) cells play a direct role in the
development of coronary vasculopathy and that an
NK-cell-dependent pathway is triggered in the absence of
T and B lymphocytes.?” The PVB19 NS-1 upregulates the
signal transducer and activator of transcription (STAT)
pathway and may contribute to downregulation of T and
B lymphocytes, allowing the virus to evade the immune
response and establish persistent infection in human
endothelial cells.3% Persistent of the infection in the
host, which could result in re-infection of the cardiac
allograft tissue in the setting of immunosuppression.
PVB19 in endothelial cells leads to the stimulation of
inflammatory cytokines and could be accompanied by
a disruption of endothelial cell barrier function, which
could ultimately can lead to CAV.

We have shown that among DCM patients who had
PVB19 positivity in their explanted hearts, there was a
trend toward higher graft loss compared to HHV-6. The
persistence of PVB19 infection in the cardiac allograft
may be favored by the immunosuppression regimen
the patients receive after transplant. Furthermore, we
found that patients who have positive PVB19 in their
cardiac allografts have a higher incidence of CAV and
graft loss compared to those with PVB19-negative cardiac
allografts. Our results are similar to the previous study
of PVB19, causing coronary vasculopathy in pediatric
transplant recipients.®) In addition, 3 of our DCM
patients who had PVB19 detected in the myocardium of
their cardiac allografts were also positive for PVB19 by
PCR in their myocardium pretransplant, which suggests
the possibility of the persistence of previous PVB19
infection in the host, resulting in re-infection of the
cardiac allograft in the setting of immunosuppression.
The persistence of PVB19 supports the theory of chronic
stimulation of inflammatory cytokines and damage to
the endothelial barrier, which can predispose to CAV.

Limitations

The sample size for the present study is small, and it
is a retrospective single-center study. However, the
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patients followed a uniform protocol for the evaluation
and management of post-HT care and received the same
immunosuppression regimen throughout. The control
sample size is also small and includes mostly accidental
death cases. Unfortunately, the invasive nature of EMB
presents a challenge to compare DCM cases against healthy
controls. The myocardial biopsy samples were obtained
within the 1%t year after HT; therefore, viral myocardial
infection after the 1 year of transplant could not be ruled
out. The posttransplant surveillance EMB samples were
tested using IFA but not PCR, and both modalities differ
in the sensitivity for the detection of viruses. However, the
IFA using antibodies against late viral antigens indicates
active viral infection in the EMB samples, which cannot be
concluded from PCR assays. Furthermore, we hypothesized
that the persistence of PVB19 supports the theory of
chronic stimulation of inflammatory cytokines and damage
to the endothelial barrier, which can predispose to CAV,
we have not analyzed other risk factors for predisposition
to CAV in this study.

CONCLUSIONS

In our study, there is an association between PVB19, and
HHV-6 and pediatric DCM, as a higher frequency of these
viruses are found in patients compared to the control
group. Our study evaluated the effect of persistence
viral genome in the allograft, and there is a trend toward
higher graft loss if the myocardium was positive for
PVB19 compared to HHV-6 in pediatric DCM patients,
which needs to be studied further in large samples with
multi-institutional studies. The viruses investigated in
the explanted hearts showed that there was only one
case of enterovirus and none associated with Adenovirus,
which would suggest a shift in epidemiology. PVB19
may contribute to the downregulation of T and B
lymphocytes, leading to persistent viral infection and
subsequent NK-mediated CAV, which is a potential topic
of investigation in future mechanistic studies.
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