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CCR5del32 genotype in human enteroviral 
cardiomyopathy leads to spontaneous virus 
clearance and improved outcome compared 
to wildtype CCR5
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Abstract 

Background:  Enteroviral cardiomyopathy is a life-threatening disease, and detection of enterovirus (EV) RNA in the 
initial endomyocardial biopsy is associated with adverse prognosis and increased mortality. Some patients with EV 
infection may spontaneously eliminate the virus and recover, whereas those with virus persistence deteriorate and 
progress to heart failure. Interferon-beta (IFN-β) therapy eliminates the virus, resulting in increased survival of treated 
patients. CCR5 is expressed on antigen-presenting cells (both macrophages and dendritic cells) and immune effector 
cells (T-lymphocytes with memory/effector phenotype and natural killer cells). Its 32-bp deletion (CCR5del32) is the 
most frequent human coding sequence mutation. This study addresses the correlation of CCR5 polymorphism to the 
clinical course of EV infection and the necessity for IFN-β treatment.

Methods:  We examined 97 consecutive patients with chronic/inflammatory cardiomyopathy and biopsy-proven EV 
infection and reliable information on clinical outcomes by CCr5 genotyping. These data were evaluated in relation to 
virus persistence in follow-up biopsies and survival rates over a 15-year period.

Results:  Genotyping revealed a strong correlation between the CCR5del32 genotype and spontaneous virus clear‑
ance with improved outcomes. All patients with CCR5del32 eliminated EV spontaneously and none of them died 
within the observed period. In the group of untreated CCR5 wildtype patients, 33% died (Kaplan–Meier log-rank 
p = 0.010). However, CCR5 wildtype individuals treated with IFN-β are more likely to survive than without therapy 
(Kaplan–Meier log-rank p = 0.004) in identical proportions to individuals with the CCR5del32 genotype.

Conclusions:  These data suggest that CCR5 genotyping is a novel predictive genetic marker for the clinical course of 
human EV cardiomyopathies. Hereby clinicians can identify those EV positive individuals who will eliminate the virus 
spontaneously based on CCR5 phenotype and those patients with CCR5 wildtype genotype who would be eligible 
for immediate antiviral IFN-β treatment to minimize irreversible cardiac damage.
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Background
Enteroviral cardiomyopathy is a life-threatening disease 
and varies from subclinical to fulminant forms. Detec-
tion of enterovirus (EV) RNA in the initial endomyocar-
dial biopsy (EMB) is associated with adverse prognosis 
and increased mortality [1–6]. The three global phases 
(primary infection, immunological, and chronic phases) 
of EV infection are expressed differentially in affected 
patients [7]. We previously showed that some patients 
with EV infection may spontaneously eliminate the virus 
and recover, whereas those with virus persistence dete-
riorate and progress to heart failure [8, 9]. In a recently 
published clinical phase II study, those patients prone 
to persistence are eligible for immediate initiation of 
antiviral interferon-β (IFN-β) therapy. This treatment 
eliminates enterovirus efficiently and should be started 
immediately after EMB based diagnosis to prevent irre-
versible damage to the heart muscle cells [8–10].

The CC-chemokine receptor 5 (CCR5) plays a cru-
cial role within the immune system and is expressed on 
antigen-presenting cells (both macrophages and den-
dritic cells) and immune effector cells (T-lymphocytes 
with memory/effector phenotype and natural killer 
cells) [11]. Natural ligands are macrophage inflamma-
tory protein 1α (MIP-1α), MIP-1β, the protein “regulated 
upon activation normal T cell expressed and presumably 
secreted” (RANTES), and monocyte chemotactic protein 
2 (MCP-2). The gene is adjacent to chromosome 3p21 
and shares 70% amino acid sequence identity with CCR2. 
A 32-basepair (bp) deletion (del32) in the CCR5 gene 
between nucleotides 554–585 causes a frame shift after 
amino acid 184 and is the most frequent and most stud-
ied human CCR5 coding sequence mutation. CCR5del32 
allelic frequencies vary substantially by geographic ori-
gin and range from 1% to more than 15% among Cauca-
sians [11]. This CCR5del32 mutation leads to a deficiency 
of this receptor for various pro-inflammatory cytokines 
[12] and viruses [13]. The truncated protein has only four 
transmembrane domains and is not expressed on the cell 
surface. Since macrophage-tropic HIV strains use CCR5 
as co-receptor for entry to human cells, homozygosity 
results in reduced susceptibility to these HIV strains 
[13, 14] and, in contrary, appears fatal in West Nile Virus 
infection [15]. Together with CXCR4, CCR5 is the most 
preferred target gene for the gene editing CRISPR/cas9 
system to eliminate a possible entry side for HIV [16].

This polymorphism is also associated with an improved 
outcome in diabetes and coronary heart disease [17]. 
Cardiovascular diseases are the most common cause 
of death in Western European countries. The European 
Society of Cardiology (ESC) estimates that 12 million 
patients in Europe are suffering from heart failure; of 
these, two million are showing dilated cardiomyopathy 

(DCM) [18]. DCM often develops after myocardial viral 
infections or inflammation [4, 19]. The most relevant 
cardiotropic viruses are Erythrovirus (Parvovirus B19), 
Human Herpes Virus 6, Adenovirus and EV (mainly Cox-
sackievirus B3) [1, 2, 5, 9, 20, 21]. In recent studies, we 
showed for the first time that the CCR5del32 polymor-
phism is an independent genetic factor that influences 
the outcome in patients with clinically suspected myo-
carditis and DCM [22]. Following a revised definition of 
DCM, genetic predispositions (e.g. multiple mutations 
in the titin gene) alone and in combination with envi-
ronmental factors, such as alcohol intake, pregnancy, or 
virus infections, are showing enhanced risk for the devel-
opment of cardiomyopathies [23].

The following study addresses a correlation of the CCR5 
polymorphism with the long-term clinical course of EV 
cardiomyopathy. We hypothesized that the CCR5del32 
genotype is associated with a beneficial clinical outcome 
and a reduced risk for mortality in EV-positive patients. 
CCR5 genotype could be a predictive marker for long-
term survival. In a translational approach, this biomarker 
might indicate those patients who will benefit from anti-
viral treatment with IFN-β [8, 9].

Methods
Patients
Similar to our recent study [9], we included 97 patients 
(mean age ± standard deviation 50.5 ± 13.8  years; 66 
men) with biopsy-based baseline and follow-up infor-
mation on the PCR confirmed course of enterovirus 
infection in correlation with CCR5 polymorphism and 
15-year all-cause mortality (mean ± SD follow-up period 
99 ± 55  months). Out of over 5000 analysed patient 
samples obtained between 1998 and 2013, only these 
97 patients with EMB proven enterovirus infection and 
follow-up EMBs could be identified. All patients were 
showing symptoms of moderate to severe heart failure 
for > 6 month, including dyspnoea on exertion, weakness, 
fatigue, reduced physical capacity, or angina at rest and 
non-ischemic wall motion abnormalities. Patients with 
other co-morbidities such as coronary artery disease, 
hypertrophic or restrictive cardiomyopathies, right ven-
tricular dysplasia, valvular diseases, a history of uncon-
trolled hypertension (> 170/95 mmHg), increased alcohol 
or drug uptake, renal failure, chronic obstructive pul-
monary disease, or systemic and autoimmune diseases 
with known cardiac involvement that would explain left 
ventricular dysfunction were excluded through angi-
ography, echocardiography, and laboratory counts. All 
patients had been examined by EMB for the presence of 
intramyocardial inflammation and cardiotropic viruses 
at first presentation and at a 6-month follow-up EMB for 
determining the course of EV infection [5, 9]. Compared 
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to the initial report from 2012 [9], the time window of the 
retrospective analyses on mortality has been extended 
to 15 years and CCR5 genotype as an additional predic-
tive marker has been taken into account. In addition, 
the number of included patients varied from the initial 
report due to availability of samples for CCR5 genotyping 
and cytokine analysis in serum.

Initially, three groups of patients were defined based 
on their disease outcome treatment according to former 
classification [9]: EV clearance for those who eliminated 
the EV spontaneously, EV persistence for those who were 
not able to clear the virus within 6  months by them-
selves, and EV + IFN-β for those with EV persistence 
for 6 months and who received IFN-β treatment result-
ing in virus clearance [10]. Selection of treated patients 
was as described previously [9]. In brief, in the interferon 
treatment group, the treatment started within 4 months 
(mean ± SD 2.3 ± 1.9 months) after virus-positive follow-
up biopsy since a 6-month persisting virus is considered 
to be a chronic infection. Eight million units of IFN-β 
were administered every other day for 6 months in addi-
tion to constant heart failure medication [10]. Clinical 
parameters, medications, gender, and age did not differ 
significantly between patient groups. Occurrence of the 

endpoint (death) was determined through direct knowl-
edge of the patient’s status, contact with family members, 
or inquiries at the registration office. All patients gave 
their written informed consent for data storage and eval-
uation. The study conformed to the principles outlined in 
the Declaration of Helsinki and was approved by the local 
ethics committees. Patients’ data were anonymized for 
analyses. The clinical data are depicted in Table 1.

EMB total RNA isolation, reverse transcription 
and nested‑PCR for enteroviral RNA
Total RNAs were isolated during routine EMB diagnos-
tics using Trizol reagent (Life Technologies, Darmstadt, 
Germany), treated with DNAse (PeqLab, Erlangen, 
Germany) to remove any traces of genomic DNA, and 
reverse-transcribed to cDNA with the High Capacity Kit 
(Life Technologies, Darmstadt, Germany) using random 
hexamers. Detection of enteroviral genomes by nested-
PCR was performed as described elsewhere [4, 5].

Genomic DNA isolation from PBMC and CCR5 genotyping
Genomic DNA from erythrocyte-lysed EDTA blood 
(1  mL) was extracted using the Puregene Mousetail Kit 

Table 1  Baseline characteristics of EV positive patients

IFN-β interferon-β, NYHA New York Heart Association Functional Classification, EF ejection fraction, LVEDD left ventricular end-diastolic diameter, LVEDS left ventricular 
end-systolic diameter, AVB atrioventricular block, RBBB right bundle branch block, LBBB left bundle branch block, ACE angiotensin-converting-enzyme, ICD 
implantable cardioverter-defibrillator

Clinical parameters EV persistence (n = 23) EV clearance (n = 42) EV persistence + IFN-β 
(n = 32)

ANOVA p value

Age (years ± SD) 54 ± 14 47 ± 15 50 ± 13 0.198

Male [n (%)] 18 (78.3) 26 (66.7) 22 (62.9) 0.379

NYHA I/II/III/IV (%) 8.3/66.7/16.6/8.3 16.0/56.0/24.0/4.0 4.2/54.2/37.5/4.2 0.451

EF at baseline (% ± SD) 45 ± 19 52 ± 18 51 ± 19 0.293

Endpoint of death [n (%)] 11 (47.8) 4 (9.5) 0 (0) 0.001

LVEDD (mm ± SD) 59 ± 10 54 ± 11 58 ± 7 0.121

LVEDS (mm ± SD) 46 ± 13 42 ± 12 41 ± 11 0.467

Palpitations (%) 27.8 54.3 34.6 0.122

Arrhythmias (%) 26.7 46.7 25.0 0.219

AVB (%) 11.1 6.7 8.3 0.870

RBBB (%) 11.1 9.7 4.2 0.677

LBBB (%) 11.8 22.6 8.7 0.346

Syncopies (%) 23.5 11.4 3.8 0.146

Diabetes (%) 11.1 18.4 19.2 0.635

Glycosides (%) 30.0 12.5 40.7 0.061

Diuretics (%) 42.9 59.1 70.0 0.297

Β-blocker (%) 43.8 21.9 57.7 0.686

ACE (%) 70.6 56.7 70.8 0.483

Cumarin (%) 25.0 12.9 29.6 0.292

Antiarrhythmics (%) 30.8 13.6 15.8 0.435

Pacemaker/ICD (%) 10/10 0/2.8 0/5.8 0.146
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(Gentra, Minneapolis, MN, USA) according to the manu-
facturer’s protocol.

PCR was performed to detect the CCR5 polymorphism 
generating a PCR product of either 262  bp, 230  bp, or 
both lengths [22]. Isolated DNA was subjected to PCR 
amplification with primers for the CCR5 gene span-
ning the possible 32-bp deletion region on chromosome 
3p21.31 (Accession No: NM_000579), forward primer 
HRF 5′-CTT​CAT​CAT​CCT​CCT​GAC​AATCG-3′ and 
reverse primer HRR 5′-GAC​CAG​CCC​CAA​GAT​GAC​
TATC-3′. The reaction mixture was as follows: 2.5  µL 
10× AmpliTaq buffer, 1  µL forward and 1  µL reverse 
primer, 4  µL 100  mM dNTPs, 0.25  µL 5  U/µL Ampli-
Taq enzyme, 13.75  µL aqua dest. to adjust the volume 
to 22.5 µL and 2.5 µL patient’s sample gDNA. PCR was 
carried out in an Eppendorf Mastercycler (Eppendorf, 
Hamburg, Germany), and the conditions were as follows: 
initial denaturation step of 7  min at 95  °C, 35 cycles of 
denaturation for 45 s at 95 °C, annealing for 45 s at 57 °C, 
and elongation for 45 s at 72 °C, followed by a final elon-
gation for 10 min at 72 °C. PCR products were separated 
on an ethidium bromide-stained 2% agarose gel by elec-
trophoresis and visualized by ultraviolet light. A PCR 
product of 262 bp in length indicated the wildtype CCR5 
gene, 230  bp the homozygous CCR5 deletion of 32  bp, 
and both lengths showed the heterozygous phenotype 
(for details, see Additional file 1: Fig. S1).

Multiplex measurement of serum cytokine levels
A total of 17 cytokines and chemokines in serum were 
measured by using the 17-plex Human Cytokine Panel 
Kit (Bio-Rad Laboratories, Inc. Hercules, CA, USA) 
at the time of first biopsy. The bead sets were analysed 
using a flow-based Luminex™ 100 suspension array 
system (Bio-Plex 100, Bio-Rad Laboratories). Sample 
cytokine concentrations were calculated by Bio-Plex 
Manager software (Bio-Rad Laboratories) using a five-
parameter model of standard curves derived from the 
known reference cytokine concentrations supplied by the 
manufacturer.

Statistical analysis
Descriptive statistics include absolute and relative fre-
quencies for categorical variables and mean and standard 
deviation for quantitative measurements. Student’s t-test, 
Fisher’s exact test, one-way analysis of variance, Chi 
square and Kaplan–Meier with log-rank statistics were 
used for group comparisons, as appropriate. In detail, all 
Kaplan–Meier survival analyses were performed with use 
of time from sampling to death/census. Logistic regres-
sion was conducted to determine CCR5 genotype that 
independently distinguished between diagnostics groups. 
All probability values were two-tailed: p values below 

0.05 were considered to indicate statistical significance, 
marked with asterisks for *p < 0.05 **p < 0.01 ***p < 0.001. 
No Bonferroni correction has been performed. IBM SPSS 
Statistics 23 (International Business Machines Corp, New 
York, NY, USA) was used to perform all statistical analy-
ses and GraphPad Prism 4 (GraphPad Software Inc, La 
Jolla, CA, USA) software to generate all graphs.

Results
In contrast to our initial report [9], the aim of this retro-
spective study was to evaluate the influence of the CCR5 
genotype on viral persistence and associated mortality in 
patients with EMB proven EV positive cardiomyopathy 
over an extended time frame.

In these patients, we determined the CCR5 genotype by 
PCR in a series of patients (n = 97) with either spontane-
ous viral clearance (n = 42), persistence (n = 23), or IFN-β 
treatment (n = 32) confirmed by a follow-up biopsy and 
reliable information on the all-cause 15-year mortality. 
All three groups were not significantly different regarding 
clinical symptoms, hemodynamic or echocardiographic 
parameters at their initial presentation (Table 1). Signifi-
cant difference (p = 0.001) was found for the endpoint of 
death (n = 15, 15.45% of all patients). Patients with spon-
taneous EV elimination or IFN-β treatment were signifi-
cantly less likely to die (9.5%, n = 4 resp. 0%, n = 0) than 
patients with virus persistence (47.5%, n = 11) (red line, 
contingency Chi2 p < 0.001, Fig.  1). Under IFN-β treat-
ment, all 32 patients cleared the enteroviral infection 
from the myocardium and all treated patients survived. 

Fig. 1  Survival proportions of EV patients grouped by their clinical 
course treatment. Long-term follow-up of patients with enteroviral 
cardiomyopathy revealed that cardiac EV persistence, due to the 
inability of a fraction of infected patients to eradicate the virus, is 
associated with a high mortality rate (red line). In contrast, patients 
capable of spontaneous virus elimination (as documented by a 
diagnostic EMB within approximately 6 months of initial presentation) 
or IFN-β therapy had a favourable long-term prognosis over 15 years 
(green line respectively blue line; Kaplan–Meier log rank statistics, 
p < 0.001). p values between the curves were indicates as *p < 0.05 
**p < 0.01 ***p < 0.001 or ns for not significant
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At 15-year follow-up, the survival curves of these three 
groups were significantly different (Kaplan–Meier log 
rank p < 0.001). Patients with EV persistence (red line) 
had the poorest outcome compared to patients who 
spontaneously cleared EV (green line; p = 0.004) or 
who received IFN-β treatment (blue line; p < 0.001). The 
outcome of IFN-β treated patients (blue line) was con-
siderably improved and comparable to patients with 
spontaneous virus clearance (green line; p < 0.092, Fig. 1).

In the next step, the same patients were reclassified into 
two new groups based on their CCR5 genotype: those 
homozygous for the major allele (wildtype, with func-
tional receptor), and those with one or two deleted alleles 
(mutated, dysfunctional receptor). The percentage of the 
three CCR5 genotypes, in our patient cohort, is compara-
ble with the published frequencies for the German popu-
lation and for cardiac patients [wildtype (wt/wt; 79.4%), 
heterozygous (wt/del32; 18.6%), and homozygous for 
deletion (del32/del32; 2.1%)] [22, 24, 25]. Patients homo- 
or heterozygous for the deletion allele were clustered in 
one group (mutated) since the presence of one minor 
allele has already been associated with reduced receptor 
function [19, 23].

CCR5 genotyping resulted in rearrangement of patients 
initially assigned into groups according to their clinical 
course of EV infection (Table 2). Interestingly, all patients 
with a CCR5del32 polymorphism (wt/del32, n = 18; and 
del32/del32, n = 2) eliminated the virus spontaneously 
and were alive at the end of the study (Kaplan–Meier 
log rank p = 0.010; Fig. 2a). Accordingly, CCR5 wildtype 
group comprised all patients with detectable virus per-
sistence (29.8%, Table 2) and therefore they had a poorer 
clinical outcome. In the long-term survival analysis, all 
patients who met the endpoint of death (n = 15) were 
clustered in the group of 45 untreated CCR5 wildtype 
individuals. The tremendous effect of EV persistence 
on mortality is underlined by the fact that the majority 
of these individuals (n = 10 of 15) had died within the 
first 6  years after initial EMB. This effect is exceedingly 
increased with plotting the long-term survival by censor-
based, time-adjusted Kaplan–Meier calculation [26, 27]. 
At the end of the 15-year period, only 33% of all CCR5 
wildtype patients with EV persistence without specific 
treatment survived.

In contrast, no CCR5 wildtype patient met the endpoint 
of death by applying an IFN-β therapy for 6 months. This 
antiviral treatment improved the all-cause mortality to a 
level identical to the survival curve of patients with the 
CCR5del32 genotype (Kaplan–Meier log rank p < 0.001; 
Fig. 2b).

The reduced mortality (Kaplan–Meier log rank 
p = 0.010) of CCR5del32 patients compared with 
wildtype individuals without IFN-β treatment might 

indicate that the CCR5del32 polymorphism is a pro-
tective factor in patients with EV cardiomyopathies 
(log regression p = 0.002, Fig.  2a). This finding is sup-
ported by the arrangement of clinical data according to 
CCR5 genotype, which showed that ejection fraction 
(EF) and related left ventricular end-diastolic diameter 
(LVEDD) are significantly different between patients 
with the wildtype and CCR5del32 genotype at the time 
of initial biopsy [EF (mean ± SD): CCR5wt 48 ± 19% vs. 
CCR5del32 62 ± 12%; LVEDD (mean ± SD): CCR5wt 
57 ± 10  mm vs. CCR5del32 51 ± 9  mm; Student’s t-test 
p = 0.006; Table  2]. The patient cohort showed no 

Table 2  Baseline characteristics of  EV-positive patients 
grouped by their CCR5 genotype

IFN-β interferon-β, NYHA New York Heart Association Functional Classification, 
EF ejection fraction, LVEDD left ventricular end-diastolic diameter, LVEDS left 
ventricular end-systolic diameter, AVB atrioventricular block, RBBB right bundle 
branch block, LBBB left bundle branch block, ACE angiotensin-converting-
enzyme, ICD implantable cardioverter-defibrillator

Statistical analysis for p-values by *Fishers’s exact test and #Student’s t-test
a  All patients who met the endpoint of death had persisting enterovirus and no 
IFN-β therapy

CCR5del32 hetero- 
or homozygous 
(n = 20)

CCR5 
wildtype 
(n = 77)

p-value

Clinical classification*

 EV persistence [n (%)] 0 (0.0) 23 (29.8) 0.003

 EV clearance [n (%)] 20 (100.0) 22 (28.5) < 0.001

 EV + IFN [n (%)] 0 (0.0) 32 (41.5) < 0.001

 Endpoint of death 
[n (%)]a

0 (0.0) 15 (19.48) 0.036

Clinical baseline parameters#

 Age (years ± SD) 49 ± 13 51 ± 14 0.541

 Male [n (%)] 14 (70.0) 52 (67.5) 0.831

 NYHA I/II/III/IV (%) 30/50/10/10 10/52/36/2 0.237

 EF at baseline 
(% ± SD)

62 ± 12 48 ± 19 0.006

 LVEDD (mm ± SD) 51 ± 9 57 ± 10 0.022

 LVEDS (mm ± SD) 41 ± 13 44 ± 12 0.387

 Palpitations (%) 66.7 50.1 0.390

 Arrhythmias (%) 42.9 36.4 0.747

 AVB (%) 0.0 10.4 0.348

 RBBB (%) 12.5 4.3 0.352

 LBBB (%) 25.0 12.8 0.374

 Syncopies (%) 11.1 9.4 0.878

 Diabetes (%) 20.0 15.5 0.727

 Glycosides (%) 25.0 21.2 0.776

 Diuretics (%) 62.5 63.9 0.920

 Β-blocker (%) 53.8 66.0 0.630

 ACE (%) 50.0 76.0 0.077

 Cumarin (%) 8.3 22.0 0.667

 Antiarrhythmics (%) 0.0 18.8 0.193

 Pacemaker/ICD (%) 0.0/0.0 6.1/2.0 0.425
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significant differences between groups or within one 
group regarding clinical symptoms, hemodynamic 
parameters, or echocardiographic parameters at their ini-
tial presentation whereas EF and LVEDD are significantly 
improved in patients with CCR5del32. The CCR5del32 
genotype not only distinguishes patients with spontane-
ous virus elimination from patients with persistence but 
these patients also show better initial conditions in the 
natural course of EV infection.

The baseline serum levels of 17 human cytokines were 
determined to elucidate a potential influence of cytokines 
on the clinical course of EV positive patients. No sta-
tistical differences are shown either between all three 
clinical groups or between EV persistence and clearance, 
IFN-ß treatment (for details, Table 3). Reanalysing serum 
cytokine levels within the new reclassified groups shows 
no significant differences between CCR5 wildtype and 
CCR5del32 phenotype individuals either (Table 4) [9].

The very fact that individuals who received IFN-β treat-
ment reached survival curves identical to survival curves 
of CCR5del32 individuals highlights IFN-β as an ade-
quate therapy to overcome genetic differences (Fig.  2b). 
This significant improvement by IFN-β treatment empha-
sizes the need to start treatment as early as possible to 
prevent irreversible cardiac injury and adverse long-term 
prognosis due to cardiac persistent EV.

The translational value of the current study is based 
on giving recommendations for CCR5 genotyping for all 
patients with EV positive EMB. We propose a diagnostic 
scheme including genotyping resulting in the initiation 
of IFN-ß therapy for CCR5 wildtype patients as early as 
possible to prevent myocardial injuries (Fig. 3).

Discussion
The present retrospective study revealed that the CCR5 
polymorphism could predict the clinical course of myo-
cardial EV infection shown by analysis of initial and 
follow-up EMBs. Genotyping demonstrated a clear allo-
cation of patients into two genetically different patient 
groups with different clinical outcomes. The CCR5del32 
genotype (heterozygous or homozygous) is clearly asso-
ciated with complete spontaneous elimination of myo-
cardial EV. All these individuals were alive at the end of 
this study, whereas a significant proportion (33.3%) of 
patients with CCR5 wildtype had died within a 15-year 
period.

Enteroviral RNA persistence is associated with pro-
gression of LV dysfunction and a lack of clinical improve-
ment. At the 15-year follow-up, the patients with virus 
persistence had an increased mortality compared to 
patients who cleared the virus spontaneously [5, 9, 18]. 
In different pilot studies [16, 18] and in the recently pub-
lished clinical phase II trial [10], persisting EV infection 
was treated by IFN-ß resulting in EV elimination, clinical 
improvement, and significantly reduced mortality.

CCR5 genotyping has the potential as a predictive 
marker to identify individuals with myocardial EV infec-
tion who would benefit from antiviral treatment to 
overcome progression of the disease and increase their 
survival rate. In our recent study [9], and also in this cur-
rent study, it was shown that IFN-ß therapy eliminates 

Fig. 2  Survival proportions of EV patients grouped by their CCR5 
genotype. At the 15-year follow-up, the overall mortality was 15.5% 
and the average period of follow-up from biopsy-based diagnosis 
was 102 ± 57 months (mean [± SD]) in our patient cohort (n = 97), 
classified by CCR5 genotyping. Survival curves (patients at risk) 
were generated according to the Kaplan–Meier method and 
compared with the log-rank statistic. a None of the patients with 
a 32-bp-deleted CCR5 died during a 15-year period (red line). In 
contrast, within the same observation period 15 out of 45 untreated 
individuals with the wildtype genotype met the endpoint of death. 
The survival rate with censored Kaplan–Meier calculation for EV 
positive patients without applied IFN-ß therapy was only about 33% 
in 15 years after initial EMB (Kaplan–Meier log-rank p = 0.010). b CCR5 
wildtype individuals treated with IFN-β (green line) more likely to 
survive than without therapy (Kaplan–Meier log-rank p = 0.004) and 
reach survival proportions identical to individuals with the CCR5del32 
genotype
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EV and no treated patient died. Nevertheless, the treat-
ment with IFN-ß over 6 months is associated with multi-
ple side effects such as flu-like symptoms, haematological 
toxicity, elevated transaminases, nausea, fatigue, and psy-
chiatric sequelae [28] which often lead to termination 
and interruption of therapy. CCR5 genotyping allows the 

identification of patients who would benefit from IFN-β 
therapy and, simultaneously, the identification of patients 
who would not benefit and would therefore need to deal 
unnecessarily with exhausting medication.

The coincidence of a genetic predisposition with 
an environmental factor could influence the clinical 

Table 3  Baseline serum cytokine levels grouped by their clinical course resp. treatment

IL interleukin, G-CSF granulocyte-colony stimulating factor, GM-CSF granulocyte–macrophage colony-stimulating factor, IFN interferon, MCP monocyte chemo 
attractant protein, MIP macrophage inflammatory protein, TNF tumour necrosis factor

Serum cytokine levels 
(mean ± SD, pg/mL)

EV persistence 
(n = 23)

EV clearance 
(n = 42)

EV persistence + IFN-β 
(n = 32)

ANOVA p value 
all 3 groups

Student’s t-test p value 
persistence vs. clearance

IL-1β 3.90 ± 7.61 6.72 ± 12.72 1.41 ± 3.20 0.174 0.405

IL-4 1.03 ± 2.99 3.43 ± 11.51 0.89 ± 1.97 0.448 0.393

IL-5 0.52 ± 0.51 0.98 ± 2.93 1.76 ± 3.30 0.347 0.521

IL-6 55.46 ± 64.38 58.57 ± 96.80 35.25 ± 30.62 0.530 0.906

IL-7 1.55 ± 1.31 4.22 ± 8.76 3.33 ± 3.77 0.356 0.208

IL-8 9.70 ± 11.11 5.63 ± 8.68 3.98 ± 3.01 0.099 0.180

IL-10 3.81 ± 2.85 6.38 ± 11.33 6.98 ± 10.08 0.557 0.365

IL-12 (p70) 1.31 ± 2.51 4.27 ± 10.01 10.81 ± 39.17 0.430 0.228

IL-13 1.09 ± 1.64 10.67 ± 48.17 2.26 ± 5.01 0.525 0.406

IL-17 4.07 ± 6.11 3.86 ± 8.21 2.69 ± 5.17 0.787 0.927

G-CSF 13.91 ± 14.63 17.78 ± 28.28 9.70 ± 8.95 0.413 0.597

GM-CSF 24.96 ± 38.32 71.73 ± 140.00 22.61 ± 33.09 0.339 0.314

IFNγ 63.81 ± 182.41 49.97 ± 87.50 11.9 ± 13.14 0.386 0.485

MCP-1 (MCAF) 42.90 ± 66.10 67.85 ± 163.90 24.55 ± 10.85 0.418 0.545

MIP-1β 37.66 ± 28.71 42.56 ± 55.97 30.30 ± 12.75 0.583 0.735

TNFα 5.81 ± 14.98 8.57 ± 17.14 5.22 ± 13.03 0.740 0.589

Table 4  Baseline serum cytokine levels in EV patients grouped by their CCR5 genotype

IL interleukin, G-CSF granulocyte-colony stimulating factor, GM-CSF granulocyte–macrophage colony-stimulating factor, IFN interferon, MCP monocyte chemo 
attractant protein, MIP macrophage inflammatory protein, TNF tumour necrosis factor

Cytokine serum levels (mean ± SD, pg/
mL)

CCR5del32 hetero- or homozygous 
(n = 20)

CCR5 wildtype (n = 77) Student’s t-test 
p value

IL1b 3.39 ± 7.35 8.18 ± 19.64 0.425

IL4 0.42 ± 0.74 6.68 ± 31.56 0.486

IL5 0.58 ± 1.04 1.08 ± 2.40 0.487

IL6 23.62 ± 19.20 132.50 ± 512.10 0.455

IL7 2.56 ± 2.03 4.08 ± 8.27 0.530

IL8 3.49 ± 2.86 7.27 ± 10.44 0.213

IL10 2.70 ± 3.38 12.56 ± 52.23 0.507

IL12p70 1.58 ± 2.34 11.17 ± 37.54 0.371

IL13 1.3 ± 1.92 7.05 ± 35.54 0.570

IL17 3.53 ± 3.71 4.49 ± 9.37 0.730

G-CSF 13.15 ± 16.06 27.25 ± 89.40 0.585

GM-CSF 75.12 ± 184.09 128.50 ± 563.16 0.546

IFNγ 22.10 ± 29.66 105.45 ± 463.46 0.415

MCP-1 (MCAF) 57.10 ± 89.03 48.61 ± 119.35 0.792

MIP-1β 41.06 ± 27.16 43.39 ± 62.13 0.892

TNFα 4.70 ± 6.26 10.80 ± 29.76 0.478
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follow-up of affected patients dramatically [23]. The 
influence of a genetic variation on human enteroviral 
cardiomyopathy was shown in detail for the Toll-like 
receptor 3 (TLR3) gene which mediates the innate anti-
viral response in myocardium [29]. Mutations in this 
gene affect the host’s susceptibility to enteroviral cardio-
myopathies by inhibition of NF-kB and type 1 interferon 
pathway. In cell lines expressing the mutated TLR 3, the 
Coxsackievirus replication was increased significantly, 
resulting in reduced viral clearance [30].

CCR5 is crucial for the antiviral immune response and 
closely regulated by IRAK4, which suppresses several 
antiviral key mechanisms [31]. Loss of IRAK 4 func-
tion in knockout mice increases the number of CCR5 

on monocytes and leads to the elimination of enterovi-
rus and better survival of enterovirus-infected mice. In 
this mouse model, the infiltration of CCR5 + monocytes/
macrophages is beneficial for virus elimination and there-
fore shows controversial results to our study of humans 
[31].

IRAK and TLR3 influence the production of type 1 
interferons and pro-inflammatory cytokines [30]. Serum 
IFN-ß levels have previously been shown to be signifi-
cantly elevated in patients who cleared the virus spon-
taneously in comparison with patients having virus 
persistence [9, 19]. Since the presence of one minor allele 
has already been associated with reduced receptor func-
tion in binding its ligands MIP-1α, MIP-1β, RANTES, 

Fig. 3  Proposal for initiation of IFN-ß therapy of EV-positive patients. At time point of EV positive EMB the patients should be genotyped for 
CCR5 mutation. If CCR5del32 genotype is detected, no treatment with IFN-β is required, only clinical monitoring. If CCR5 wildtype genotype is 
determined IFN-β treatment is recommended for elimination of EV and resulting in improvement of the clinical course
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and MCP-2 [32], a deletion in the CCR5 gene implies an 
involvement of immune system components as shown 
for impaired macrophage and leukocyte infiltration [33, 
34], systemic inflammation [12], and the evolutionary 
pro-inflammatory response [35]. CCR5 is not the unique 
receptor for its natural ligands, which also use CCR1 
[36, 37]. In addition, MCP-2 also binds to CCR2B [37] 
and MIP-1α resp. RANTES also interacts with CCR4 
[38]. Although chemokine receptors are not equally 
exchangeable [15], cytokine levels must not be affected 
by mutations in this particular receptor and thus would 
explain similar cytokine levels of all groups in our EV 
study cohort. This effect does not exclude an influence of 
mutated CCR5 to the immune system but emphasizes its 
status as an independent genetic factor. Further investi-
gations are required to reveal the molecular pathomech-
anism in humans and mice to overcome divergences of 
experimental mouse models with clinical courses of 
human patients.

The importance of the CCR5 genotype for viral infec-
tions was demonstrated impressively by the cure of HIV 
infection by transplantation of CCR5del32 homozygous 
stem cells [13, 14]. In contrast, hepatitis C patients who 
are homozygous for the CCR5del32 deletion have been 
reported to carry increased viral loads [34]. The increased 
prevalence of CCR5del32 homozygosity associated with 
increased viral loads in patients with chronic hepatitis C 
suggests that the CCR5del32 mutation may be an adverse 
host factor in hepatitis C. Only CCR2 has been reported 
as underrepresented in HCV patients who cleared the 
virus spontaneously, and in that study, none of the other 
variants in the CCR gene cluster, such as CCR1 and 
CCR5, showed association with the natural course of the 
infection, stage of fibrosis, or response to therapy [33].

Whereas homozygosity is necessary for affecting the 
host’s response in HIV and HCV, in severe malaria het-
erozygous, deficiency for G6PD gives advantages and the 
homozygous leads to disadvantages [39]. Interestingly, 
an effect on EV clearance and mortality is already shown 
for heterozygous mutation of the CCR5 receptor in our 
cohort of 97 patients, which is the largest enteroviral car-
diomyopathy cohort ever reported about [9].

As shown in a former study, CCR5del32 is a positive 
prognostic marker for diabetes and survival in patients 
with different forms of virally-induced or inflammatory 
cardiomyopathies [22]. The clinical or molecular reason 
for this improved clinical outcome is still unknown. Gen-
erally, a higher EF in heart muscle diseases is associated 
with a better prognosis. Therefore, the initially higher EF 
of the CCR5del32 patients compared to CCR5 wildtype 
individuals could be one cause for a better outcome. The 
underlying molecular mechanism of the CCR5 tropism, 
resulting in better initial conditions of patients, needs to 

be investigated in a larger cohort with functional analy-
ses. In consequence, low EF and increased LVEDD addi-
tionally burdens the patients. Only CCR5 genotyping is a 
suitable prognostic marker to predict outcome and ther-
apy decision for EV positive patients.

The CCR5 genotyping has the advantage of identifying 
those patients who would benefit from antiviral treat-
ment by the determination of a single easily accessible 
genomic marker. The application of proposed genotyp-
ing allows a clear-cut differentiation between patients 
with spontaneous cleared or persisting EV cardiomyo-
pathy and enables cardiologists to individualize patient-
associated treatment decisions as well as initiate a 
disease-directed antiviral therapy in patients with CCR5 
wildtype. The application of IFN-β results in the elimi-
nation of EV and improved survival curves identical to 
curves of patients with CCR5del32. This emphasises that 
the removal of any environmental factor minimises the 
burden of a genetic predisposition [23].

Limitations
Thus far, this study is the largest retrospective analysis of 
cardiac patients with EV-induced cardiomyopathy in cor-
relation to CCR5 polymorphism and 15-year all-cause 
mortality. The geographic distribution of study sites 
throughout Germany including mostly Caucasians might 
limit the possibility to transfer study results to other eth-
nicities and countries. Genotyping of different markers 
would be more informative and would possibly reveal a 
combination of markers to be best for prediction, but a 
single genomic marker was sufficient to separate patients 
with spontaneous virus elimination from the group of 
patients with EV persistence. Due to the limited size of 
our dataset, the use of genotyping to guide therapy and 
the necessity to start IFN-therapy as early as possible 
needs to be validated in prospective, randomized, multi-
centre trials.

Conclusion
Our data show that CCR5del32 polymorphism is a pre-
dictive factor for persistence and clearance of myocardial 
EV and facilitates therapy decisions for a defined group 
of infected patients. The underlying pathomechanism of 
the CCR5 polymorphism on distinct outcomes in heart 
muscle diseases is not fully understood and requires fur-
ther investigations.

Antiviral IFN-β therapy eliminates the virus, result-
ing in an increased survival of treated patients but 
should only be administered to patients who would 
benefit, due to side effects [8, 10]. The proposed geno-
typing of a 32-basepair deletion in the CCR5 gene has 
the predictive power to identify patients with suspected 
EV persistence who would benefit from an immediate 
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application of IFN-ß treatment. Simultaneously, it 
would prevent patients with good clinical prognosis 
from unnecessary stressful treatment based on intrin-
sic predisposition to eliminate the virus spontaneously. 
This diagnostic work-up is in complete accordance with 
the current proposal of ESC working group on myocar-
dial and pericardial diseases for an aetiology oriented 
approach to tailored therapy in acquired cardiomyo-
pathies with genetic predisposition [23]. Genotyping 
and EMB enables cardiologists to individualize patient-
associated treatment decisions and to initiate a disease-
directed antiviral therapy in patients with the CCR5 
wildtype genotype.

Additional file

Additional file 1: Fig. S1. CCR5 genotyping PCR. a Agarose gel 
electrophoresis (2%) showing DNA lenghts marker (9 DNA fragments 
with different lenghts) and 16 lanes with PCR products generated from 
patient samples: a 260bp product for wt/wt, two PCR products with a 
lengths of 260 bp and 230 bp for heterozygous CCR5del32/wt and a PCR 
product with 230 bp in length for homozygous CCR5del32/CCR5del32. b 
Sequence of the 262 bp PCR product of the genotyping PCR indicating 
the CCR5del32 deletion in red and the primer-binding sites with arrows.

Abbreviations
CCR5: CC-chemokine receptor 5; CCR5del32: CCR5 32-basepair deletion; DCM: 
dilated cardiomyopathy; EMB: endomyocardial biopsy; EV: enterovirus; EF: 
ejection fraction; HCV: hepatitis C virus; HIV: human immunodeficiency virus; 
IFN-β: interferon-β; LVEDD: left ventricular end-diastolic diameter; LVESD: left 
ventricular end-systolic diameter; MIP-1: macrophage inflammatory protein 1; 
MCP-2: monocyte chemotactic protein 2; PBMC: peripheral blood mononu‑
clear cell; PCR: polymerase chain reaction; RANTES: regulated upon activation 
normal T cell expressed and presumably secreted; RT-PCR: reverse transcrip‑
tion PCR; wt: wildtype.

Authors’ contributions
DL and CS contributed equally to this work. DL and UK conceived the study 
and initiated and designed most of the experiments; CS wrote the manuscript, 
performed most of the statistical analyses and generated all graphs and 
tables; further statistics were performed by AS; DL contributed to manuscript 
editing. CS performed CCR5 genotyping, and MR conducted serum cytokine 
analysis. UK, FE, and HPS had primary responsibility for patient characterization 
and management. UK and FE performed the immunohistological and molecu‑
lar virological characterization of endomyocardial biopsy samples. All authors 
discussed the results and approved the final submitted version. All authors 
read and approved the final manuscript.

Author details
1 Institute of Cardiac Diagnostics and Therapy (IKDT), Berlin, Germany. 
2 Department of Cardiology, Campus Virchow, Charité-University Hospital Ber‑
lin, Berlin, Germany. 3 Institute of Biometry and Clinical Epidemiology, Campus 
Benjamin Franklin, Charité-University Hospital and Berlin Institute of Health, 
Berlin, Germany. 4 DZHK (German Centre for Cardiovascular Research), partner 
site Berlin, Berlin, Germany. 5 Berlin Institute of Health, Berlin, Germany. 

Acknowledgements
For their excellent technical assistance, we thank Mrs. K. Winter, S. Ochmann, 
and C. Seifert, Berlin, Germany.

Competing interests
The authors declare no competing financial interests or relationships relevant 
to the content of this paper to disclose. All authors take responsibility for all 

aspects of the reliability and freedom from bias of the data presented and 
their discussed interpretation.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Consent for publication
All authors have reviewed the final version of the manuscript and approved 
it for publication. The paper has neither been submitted elsewhere, nor have 
contents of the paper been published previously. All authors declare that 
there are no financial associations that might pose a conflict of interest in con‑
nection with the submitted article.

Ethics approval and consent to participate
All patients gave their written, informed consent for data storage and evalu‑
ation. The study conformed to the principles outlined in the Declaration of 
Helsinki and was approved by the local ethics committees. Patients’ data were 
anonymized for analyses.

Funding
This work was supported by grants from the German Research Foundation, 
the Transregional Collaborative Research Centre (Inflammatory Cardiomyopa‑
thy–Molecular Pathogenesis and Therapy) [Sfb/Tr19], and the Federal Ministry 
of Education and Research for the Small and Medium-sized Enterprises 
Innovative Program (No. 616 0315296).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Received: 24 January 2018   Accepted: 14 August 2018

References
	1.	 Why HJ, Meany BT, Richardson PJ, Olsen EG, Bowles NE, Cunningham L, 

et al. Clinical and prognostic significance of detection of enteroviral RNA 
in the myocardium of patients with myocarditis or dilated cardiomyopa‑
thy. Circulation. 1994;89:2582–9. https​://doi.org/10.1161/01.CIR.89.6.2582.

	2.	 Cooper LT. Myocarditis. N Engl J Med. 2009;360:1526–38.
	3.	 Caforio ALP, Pankuweit S, Arbustini E, Basso C, Gimeno-Blanes J, Felix SB, 

et al. Current state of knowledge on aetiology, diagnosis, management, 
and therapy of myocarditis: a position statement of the European Society 
of Cardiology Working Group on Myocardial and Pericardial Diseases. Eur 
Heart J. 2013;34(2636–48):2648a–2648d. https​://doi.org/10.1093/eurhe​
artj/eht21​0.

	4.	 Kühl U, Pauschinger M, Noutsias M, Seeberg B, Bock T, Lassner D, et al. 
High prevalence of viral genomes and multiple viral infections in the 
myocardium of adults with “idiopathic” left ventricular dysfunction. 
Circulation. 2005;111:887–93. https​://doi.org/10.1161/01.CIR.00001​55616​
.07901​.35.

	5.	 Kühl U, Pauschinger M, Seeberg B, Lassner D, Noutsias M, Poller W, et al. 
Viral persistence in the myocardium is associated with progressive car‑
diac dysfunction. Circulation. 2005;112:1965–70. https​://doi.org/10.1161/
CIRCU​LATIO​NAHA.105.54815​6.

	6.	 McManus BM, Yanagawa B, Rezai N, Luo H, Taylor L, Zhang M, et al. 
Genetic determinants of coxsackievirus B3 pathogenesis. Ann N Y Acad 
Sci. 2002;975:169–79. https​://doi.org/10.1111/j.1749-6632.2002.tb059​50.x.

	7.	 Maisch B, Pankuweit S. Standard and etiology-directed evidence-based 
therapies in myocarditis: state of the art and future perspectives. Heart 
Fail Rev. 2013;18:761–95.

	8.	 Kühl U, Pauschinger M, Schwimmbeck PL, Seeberg B, Lober C, Noutsias 
M, et al. Interferon-beta treatment eliminates cardiotropic viruses and 
improves left ventricular function in patients with myocardial persis‑
tence of viral genomes and left ventricular dysfunction. Circulation. 
2003;107:2793–8. https​://doi.org/10.1161/01.CIR.00000​72766​.67150​.51.

	9.	 Kühl U, Lassner D, von Schlippenbach J, Poller W, Schultheiss 
H-P. Interferon-beta improves survival in enterovirus-associated 

https://doi.org/10.1186/s12967-018-1610-8
https://doi.org/10.1161/01.CIR.89.6.2582
https://doi.org/10.1093/eurheartj/eht210
https://doi.org/10.1093/eurheartj/eht210
https://doi.org/10.1161/01.CIR.0000155616.07901.35
https://doi.org/10.1161/01.CIR.0000155616.07901.35
https://doi.org/10.1161/CIRCULATIONAHA.105.548156
https://doi.org/10.1161/CIRCULATIONAHA.105.548156
https://doi.org/10.1111/j.1749-6632.2002.tb05950.x
https://doi.org/10.1161/01.CIR.0000072766.67150.51


Page 11 of 11Lassner et al. J Transl Med  (2018) 16:249 

cardiomyopathy. J Am Coll Cardiol. 2012;60:1295–6. https​://doi.
org/10.1016/j.jacc.2012.06.026.

	10.	 Schultheiss H-P, Piper C, Sowade O, Waagstein F, Kapp J-F, Wegscheider 
K, et al. Betaferon in chronic viral cardiomyopathy (BICC) trial: effects 
of interferon-β treatment in patients with chronic viral cardiomyopa‑
thy. Clin Res Cardiol. 2016;105:763–73. https​://doi.org/10.1007/s0039​
2-016-0986-9.

	11.	 Bachelerie F, Ben-Baruch A, Burkhardt AM, Combadiere C, Farber JM, 
Graham GJ, et al. International Union of Pharmacology. LXXXIX. Update 
on the extended family of chemokine receptors and introducing a 
new nomenclature for atypical chemokine receptors. Pharmacol Rev. 
2014;66:1–79. https​://doi.org/10.1124/pr.113.00772​4.

	12.	 Muntinghe FLH, Verduijn M, Zuurman MW, Grootendorst DC, Carrero JJ, 
Qureshi AR, et al. CCR5 deletion protects against inflammation-associated 
mortality in dialysis patients. J Am Soc Nephrol. 2009;20:1641–9. https​://
doi.org/10.1681/ASN.20080​40432​.

	13.	 Hütter G, Nowak D, Mossner M, Ganepola S, Müssig A, Allers K, et al. Long-
term control of HIV by CCR5 Delta32/Delta32 stem-cell transplantation. N 
Engl J Med. 2009;360:692–8. https​://doi.org/10.1056/NEJMo​a0802​905.

	14.	 Allers K, Hütter G, Hofmann J, Loddenkemper C, Rieger K, Thiel E, et al. 
Evidence for the cure of HIV infection by CCR5Δ32/Δ32 stem cell 
transplantation. Blood. 2011;117:2791–9. https​://doi.org/10.1182/blood​
-2010-09-30959​1.

	15.	 Lim JK, Murphy PM. Chemokine control of West Nile virus infection. Exp 
Cell Res. 2011;317:569–74. https​://doi.org/10.1016/j.yexcr​.2011.01.009.

	16.	 Hou P, Chen S, Wang S, Yu X, Chen Y, Jiang M, et al. Genome editing of 
CXCR4 by CRISPR/cas9 confers cells resistant to HIV-1 infection. Sci Rep. 
2015;5:15577. https​://doi.org/10.1038/srep1​5577.

	17.	 Afzal AR, Kiechl S, Daryani YP, Weerasinghe A, Zhang Y, Reindl M, et al. 
Common CCR5-del32 frameshift mutation associated with serum levels 
of inflammatory markers and cardiovascular disease risk in the Bruneck 
population. Stroke. 2008;39:1972–8. https​://doi.org/10.1161/STROK​
EAHA.107.50438​1.

	18.	 Lassner D, Siegismund CS, Stehr J, Rohde M, Escher F, Tschöpe C, et al. 
Recent advances in molecular diagnostics and treatment of heart muscle 
diseases. J Anal Sci Methods Instrum. 2013;2013(June):98–109.

	19.	 Schultheiss H-P, Kühl U, Cooper LT. The management of myocarditis. Eur 
Heart J. 2011;32:2616–25. https​://doi.org/10.1093/eurhe​artj/ehr16​5.

	20.	 Dörner A, Pauschinger M, Schwimmbeck PL, Kühl U, Schultheiss HP. The 
shift in the myocardial adenine nucleotide translocator isoform expres‑
sion pattern is associated with an enteroviral infection in the absence 
of an active T-cell dependent immune response in human inflam‑
matory heart disease. J Am Coll Cardiol. 2000;35:1778–84. https​://doi.
org/10.1016/S0735​-1097(00)00644​-6.

	21.	 Pauschinger M, Phan MD, Doerner A, Kuehl U, Schwimmbeck PL, Poller W, 
et al. Enteroviral RNA replication in the myocardium of patients with left 
ventricular dysfunction and clinically suspected myocarditis. Circulation. 
1999;99:889–95. https​://doi.org/10.1161/01.CIR.99.7.889.

	22.	 Lassner D, Kühl U, Rohde M, Siegismund CS, Schultheiss H-P. CCR5del32 
polymorphism is a protective factor in non-ischemic cardiomyopathy. Int 
J Cardiol. 2014;173:561–2. https​://doi.org/10.1016/j.ijcar​d.2014.03.123.

	23.	 Pinto YM, Elliott PM, Arbustini E, Adler Y, Anastasakis A, Böhm M, et al. 
Proposal for a revised definition of dilated cardiomyopathy, hypokinetic 
non-dilated cardiomyopathy, and its implications for clinical practice: a 
position statement of the ESC working group on myocardial and pericar‑
dial diseases. Eur Heart J. 2016;37:1850–8. https​://doi.org/10.1093/eurhe​
artj/ehv72​7.

	24.	 Rossol M, Pierer M, Arnold S, Keysser G, Burkhardt H, Baerwald C, et al. 
Negative association of the chemokine receptor CCR5 d32 polymor‑
phism with systemic inflammatory response, extra-articular symptoms 
and joint erosion in rheumatoid arthritis. Arthritis Res Ther. 2009;11:R91. 
https​://doi.org/10.1186/ar273​3.

	25.	 Galvani AP, Slatkin M. Evaluating plague and smallpox as historical selec‑
tive pressures for the CCR5-∆32 HIV-resistance allele. Proc Natl Acad Sci 
USA. 2003;100:15276–9. https​://doi.org/10.1073/pnas.24350​85100​.

	26.	 Goel MK, Khanna P, Kishore J. Understanding survival analysis: Kaplan–
Meier estimate. Int J Ayurveda Res. 2010;1(4):274–8. https​://doi.
org/10.4103/0974-7788.76794​.

	27.	 Bewick V, Cheek L. Ball. Statistics review 12: survival analysis. J Crit Care. 
2004;8(5):389–94. https​://doi.org/10.1186/cc295​5 (Epub 2004 Sep 6).

	28.	 Sleijfer S, Bannink M, Gool AR, Kruit WHJ, Stoter G. Side effects of 
interferon-α therapy. Pharm World Sci. 2005;27:423–31. https​://doi.
org/10.1007/s1109​6-005-1319-7.

	29.	 Yajima T, Yasukawa H, Jeon E-S, Xiong D, Dorner A, Iwatate M, et al. Innate 
defense mechanism against virus infection within the cardiac myocyte 
requiring gp130-STAT3 signaling. Circulation. 2006;114:2364–73. https​://
doi.org/10.1161/CIRCU​LATIO​NAHA.106.64245​4.

	30.	 Gorbea C, Makar KA, Pauschinger M, Pratt G, Bersola JLF, Varela J, et al. A 
role for Toll-like receptor 3 variants in host susceptibility to enteroviral 
myocarditis and dilated cardiomyopathy. J Biol Chem. 2010;285:23208–
23. https​://doi.org/10.1074/jbc.m109.04746​4.

	31.	 Valaperti A, Nishii M, Liu Y, Naito K, Chan M, Zhang L, et al. Innate immune 
interleukin-1 receptor-associated kinase 4 exacerbates viral myocarditis 
by reducing CCR5(+) CD11b(+) monocyte migration and impair‑
ing interferon production. Circulation. 2013;128:1542–54. https​://doi.
org/10.1161/CIRCU​LATIO​NAHA.113.00227​5.

	32.	 Benkirane M, Jin D-Y, Chun RF, Koup RA, Jeang K-T. Mechanism of trans‑
dominant inhibition of CCR5-mediated HIV-1 infection by ccr5{Delta}32. J 
Biol Chem. 1997;272:30603–6. https​://doi.org/10.1074/jbc.272.49.30603​.

	33.	 Schober A. Chemokines in vascular dysfunction and remodeling. Arterio‑
scler Thromb Vasc Biol. 2008;28:1950–9. https​://doi.org/10.1161/ATVBA​
HA.107.16122​4.

	34.	 Schober A. Deposition of platelet RANTES triggering monocyte recruit‑
ment requires P-selectin and is involved in neointima formation after 
arterial injury. Circulation. 2002;106:1523–9. https​://doi.org/10.1161/01.
CIR.00000​28590​.02477​.6F.

	35.	 Candore G, Balistreri CR, Grimaldi MP, Listì F, Vasto S, Caruso M, et al. 
Opposite role of pro-inflammatory alleles in acute myocardial infarction 
and longevity: results of studies performed in a Sicilian population. Ann N 
Y Acad Sci. 2006;1067:270–5. https​://doi.org/10.1196/annal​s.1354.035.

	36.	 Berahovich RD, Miao Z, Wang Y, Premack B, Howard MC, Schall TJ. Proteo‑
lytic activation of alternative CCR1 ligands in inflammation. J Immunol. 
2005;174:7341–51. https​://doi.org/10.4049/jimmu​nol.174.11.7341.

	37.	 Gong X, Gong W, Kuhns DB, Ben-Baruch A, Howard OM, Wang JM. Mono‑
cyte chemotactic protein-2 (MCP-2) uses CCR1 and CCR2B as its func‑
tional receptors. J Biol Chem. 1997;272:11682–5. https​://doi.org/10.1074/
jbc.272.18.11682​.

	38.	 Imai T, The T, Cell-directed CC. Chemokine TARC is a highly specific bio‑
logical ligand for CC chemokine receptor 4. J Biol Chem. 1997;272:15036–
42. https​://doi.org/10.1074/jbc.272.23.15036​.

	39.	 Sirugo G, Predazzi IM, Bartlett J, Tacconelli A, Walther M, Williams SM. 
G6PD A-deficiency and severe malaria in The Gambia: heterozygote 
advantage and possible homozygote disadvantage. Am J Trop Med Hyg. 
2014;90:856–9. https​://doi.org/10.4269/ajtmh​.13-0622.

https://doi.org/10.1016/j.jacc.2012.06.026
https://doi.org/10.1016/j.jacc.2012.06.026
https://doi.org/10.1007/s00392-016-0986-9
https://doi.org/10.1007/s00392-016-0986-9
https://doi.org/10.1124/pr.113.007724
https://doi.org/10.1681/ASN.2008040432
https://doi.org/10.1681/ASN.2008040432
https://doi.org/10.1056/NEJMoa0802905
https://doi.org/10.1182/blood-2010-09-309591
https://doi.org/10.1182/blood-2010-09-309591
https://doi.org/10.1016/j.yexcr.2011.01.009
https://doi.org/10.1038/srep15577
https://doi.org/10.1161/STROKEAHA.107.504381
https://doi.org/10.1161/STROKEAHA.107.504381
https://doi.org/10.1093/eurheartj/ehr165
https://doi.org/10.1016/S0735-1097(00)00644-6
https://doi.org/10.1016/S0735-1097(00)00644-6
https://doi.org/10.1161/01.CIR.99.7.889
https://doi.org/10.1016/j.ijcard.2014.03.123
https://doi.org/10.1093/eurheartj/ehv727
https://doi.org/10.1093/eurheartj/ehv727
https://doi.org/10.1186/ar2733
https://doi.org/10.1073/pnas.2435085100
https://doi.org/10.4103/0974-7788.76794
https://doi.org/10.4103/0974-7788.76794
https://doi.org/10.1186/cc2955
https://doi.org/10.1007/s11096-005-1319-7
https://doi.org/10.1007/s11096-005-1319-7
https://doi.org/10.1161/CIRCULATIONAHA.106.642454
https://doi.org/10.1161/CIRCULATIONAHA.106.642454
https://doi.org/10.1074/jbc.m109.047464
https://doi.org/10.1161/CIRCULATIONAHA.113.002275
https://doi.org/10.1161/CIRCULATIONAHA.113.002275
https://doi.org/10.1074/jbc.272.49.30603
https://doi.org/10.1161/ATVBAHA.107.161224
https://doi.org/10.1161/ATVBAHA.107.161224
https://doi.org/10.1161/01.CIR.0000028590.02477.6F
https://doi.org/10.1161/01.CIR.0000028590.02477.6F
https://doi.org/10.1196/annals.1354.035
https://doi.org/10.4049/jimmunol.174.11.7341
https://doi.org/10.1074/jbc.272.18.11682
https://doi.org/10.1074/jbc.272.18.11682
https://doi.org/10.1074/jbc.272.23.15036
https://doi.org/10.4269/ajtmh.13-0622

	CCR5del32 genotype in human enteroviral cardiomyopathy leads to spontaneous virus clearance and improved outcome compared to wildtype CCR5
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Patients
	EMB total RNA isolation, reverse transcription and nested-PCR for enteroviral RNA
	Genomic DNA isolation from PBMC and CCR5 genotyping
	Multiplex measurement of serum cytokine levels
	Statistical analysis

	Results
	Discussion
	Limitations
	Conclusion
	Authors’ contributions
	References




