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Abstract

Aims Acute cellular rejection (ACR) following heart transplantation (HTX) is associated with long-term graft loss and
increased mortality. Disturbed mitochondrial bioenergetics have been identified as pathophysiological drivers in heart failure,
but their role in ACR remains unclear. We aimed to prove functional disturbances of myocardial bioenergetics in human heart
transplant recipients with mild ACR by assessing myocardial mitochondrial respiration using high-resolution respirometry,
digital image analysis of myocardial inflammatory cell infiltration, and clinical assessment of HTX patients. We hypothesized
that (i) mild ACR is associated with impaired myocardial mitochondrial respiration and (ii) myocardial inflammation, systemic
oxidative stress, and myocardial oedema relate to impaired mitochondrial respiration and myocardial dysfunction.
Methods and results We classified 35 HTX recipients undergoing endomyocardial biopsy according International Society for
Heart and Lung Transplantation criteria to have no (0R) or mild (1R) ACR. Additionally, we quantified immune cell infiltration
by immunohistochemistry and digital image analysis. We analysed mitochondrial substrate utilization in myocardial fibres by
high-resolution respirometry and performed cardiovascular magnetic resonance (CMR). ACR (1R) was diagnosed in 12 patients
(34%), while the remaining 23 patients revealed no signs of ACR (0R). Underlying cardiomyopathies (dilated cardiomyopathy
50% vs. 65%; P = 0.77), comorbidities (type 2 diabetes mellitus: 50% vs. 35%, P = 0.57; chronic kidney disease stage 5: 8% vs.
9%, P > 0.99; arterial hypertension: 59% vs. 30%, P = 0.35), medications (tacrolimus: 100% vs. 91%, P = 0.54; mycophenolate
mofetil: 92% vs. 91%, P > 0.99; prednisolone: 92% vs. 96%, P > 0.99) and time post-transplantation (21.5 ± 26.0 months vs.
29.4 ± 26.4 months, P = 0.40) were similar between groups. Mitochondrial respiration was reduced by 40% in ACR (1R)
compared with ACR (0R) (77.8 ± 23.0 vs. 128.0 ± 33.0; P < 0.0001). Quantitative assessment of myocardial CD3+-lymphocyte
infiltration identified ACR (1R) with a cut-off of >14 CD3+-lymphocytes/mm2 (100% sensitivity, 82% specificity; P < 0.0001).
Myocardial CD3+ infiltration (r = �0.41, P < 0.05), systemic oxidative stress (thiobarbituric acid reactive substances;
r = �0.42, P < 0.01) and myocardial oedema depicted by global CMR derived T2 time (r = �0.62, P < 0.01) correlated with
lower oxidative capacity and overt cardiac dysfunction (global longitudinal strain; r = �0.63, P < 0.01).
Conclusions Mild ACR with inflammatory cell infiltration associates with impaired mitochondrial bioenergetics in
cardiomyocytes. Our findings may help to identify novel checkpoints in cardiac immune metabolism as potential therapeutic
targets in post-transplant care.
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Introduction

Heart transplantation (HTX) remains the gold standard for
the treatment of refractory end-stage heart failure (HF).1

Advances in immunosuppressive therapy, careful donor and
recipient selection, as well as prevention and treatment of
opportunistic infections have improved long-term survival of
transplant recipients.2 Acute cellular rejection (ACR) is diag-
nosed in approximately 10–15% of all heart transplant recipi-
ents, particularly within the first 2 years following
transplantation.2–4 Quantity and degree of ACR episodes are
related to onset of cardiac allograft vasculopathy and
increased mortality.5

Acute cellular rejection is diagnosed by light microscopy of
endomyocardial tissue specimens with predominantly lym-
phocytic mononuclear inflammation. Significant grades of re-
jection show evidence of cardiac myocyte injury or necrosis.4

Immunohistochemistry revealed that T lymphocytes are the
predominant mononuclear cells in ACR.6

Acute cellular rejection is graded according to the Interna-
tional Society for Heart and Lung Transplantation (ISHLT)
nomenclature.4 The grading system separates no rejection
(0R) from mild (1R), moderate (2R), and severe rejection
(3R).4 Although most heart transplant recipients with mild
ACR are asymptomatic5 and do not require treatment in the
vast majority of cases, there is evidence for prognostic rele-
vance of diffuse mild (IB, 1990 ISHLT ACR classification)
ACR.7 Brunner-La Rocca et al. observed a progress of about
20% of untreated Grade 1R ACR to higher rejection grades
without a change of treatment.8

Myocardial energy consumption exceeds that of any other
organ. About 90% of myocardial energy production is derived
from mitochondrial oxidative phosphorylation (OXPHOS),
fuelled by beta-oxidation of fatty acids, pyruvate oxygena-
tion, and the tricarboxylic acid cycle.9,10 Against this back-
ground, it does not surprise that disturbed mitochondrial
bioenergetics have been assigned a central role in HF
pathophysiology.11–13 Growing evidence also indicates a func-
tional role of mitochondria in arrhythmogenesis.14 Stride
et al. observed impaired OXPHOS capacity in myocardial
tissue specimens of patients with left ventricular (LV) systolic
dysfunction undergoing LV assist device implantation
compared with control patients with a preserved LV ejection
fraction undergoing cardiac valve surgery.15 Recently, we
established high-resolution respirometry (HRR) in transcathe-
ter endomyocardial biopsies (EMB) in comparison with tissue
specimens harvested during heart surgery, enabling reliable
metabolic characterization of myocardial mitochondrial func-
tion in humans not undergoing heart surgery.16

Studies on myocardial mitochondrial respiration after HTX
in humans are very limited. While murine data suggest distur-
bances in mitochondrial oxidative pathways in ACR,17,18 only
one study in HTX patients has indicated disturbances in
myocardial mitochondrial respiration.19 Just recently, Romero

et al. described a decreased activity of mitochondrial-related
genes in ACR, suggesting a rejection-associated mitochondrial
impairment.20 We thought to extend these findings, by pro-
viding a comprehensive functional, clinical, and immunohis-
tochemical characterization of HTX recipients and cardiac
tissue specimens.

We aimed to prove functional disturbances of myocardial
bioenergetics in human heart transplant recipients with mild
ACR by assessing myocardial mitochondrial respiration using
HRR, digital image analysis of myocardial inflammatory cell
infiltration, and clinical assessment of HTX patients. We
hypothesized that mild ACR is characterized by impaired
myocardial mitochondrial respiration and relates to cellular
inflammation, oxidative stress as well as myocardial oedema
and impaired LV function.

Methods

Study protocol

The trial was approved by the institutional review board at
Heinrich-Heine-University Duesseldorf (Study Number:
5263R; subanalysis of the ClinicalTrials.gov registration num-
ber NCT03386864). All procedures conformed to World’s
Medical Association Declaration of Helsinki and the ISHLT
Ethics statement. Before inclusion, all participants gave
written informed consent.

Patient recruitment

Between 09/2016 and 06/2017, we enrolled 35 adult
(>18 years) heart transplant recipients, undergoing routine
transcatheter EMB at the University Hospital of the
Heinrich-Heine-University Düsseldorf (Table 1) in this cross-
sectional, single-centre trial (Table 1).

Endomyocardial biopsy

Four to five tissue specimens from the interventricular
septum were acquired under standard fluoroscopic-guided
conditions for histochemistry. Two additional biopsies
weighing approximately 1 mg were placed in mitochondrial
preservation medium for HRR.16 Cardiac index as measure
of cardiovascular function was assessed during right heart
catheterization.16

Histology

Endomyocardial tissue specimens were analysed by cardiac
transplant pathologists according to ISHLT criteria.4 Diagnosis
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of ACR was established using light microscopy before CD3 im-
munohistochemistry. Pathologists were blinded to mitochon-
drial respiration data and cardiovascular magnetic resonance
(CMR) results.

Immunohistochemistry

We performed immunohistochemistry for characterization
and digital image analysis of inflammatory infiltrates.21 CD3+

lymphocytes were stained with CD3 antibody (Dako; dilution
1:25). Additionally, myocardial inflammation was diagnosed

by CD11a+/lymphocyte function-associated antigen (LFA)-
1 + lymphocytes/mm2 (Immuno Tools, Friesoythe, Germany),
CD11b+/Mac-1 + macrophages/mm2 (ImmunoTools,
Friesoythe, Germany), CD45R0 + T memory cells (Dako,
Glostrup, Denmark), and perforin+ cytotoxic cells/mm2 (BD
Bioscience, San Jose, California). EnVision peroxidase-
conjugated anti-mouse antibody (DakoCytomation) was used
as a secondary enhancing antibody. Immunohistological
staining was visualized using 3-amino-9-ethylcarbazole
(Merck, Darmstadt, Germany) as chromogenic substrate.
Slides were counterstained in haematoxylin and mounted
with Kaiser’s gelatine R (Merck). Immunoreactivity was

Table 1 Patient characteristics

All patients (n = 35) ACR (0R) (n = 23) ACR (1R) (n = 12) P value

Anthropometry
Sex (% male) 83 83 83 >0.99
Age (years) 55 ± 12 57 ± 13 53 ± 10 0.32
BMI (kg/m2) 25.9 ± 4.4 26.2 ± 4.3 25.3 ± 4.7 0.44
Previous ICM (%) 46 39 58 0.55
Previous DCM (%) 60 65 50 0.77

Comorbidities
T2DM (%) 40 35 50 0.57
CKD Stage 5 (%) 9 9 8 >0.99
Arterial hypertension (%) 40 30 59 0.35

Cardiac characteristics
Heart rate (bpm) 80 ± 15 79 ± 16 81 ± 12 0.79
LV ejection fraction (%) 67 ± 7 69 ± 7 64 ± 3 0.12
Cardiac index (L/min/m2) 2.9 ± 0.9 2.9 ± 1.0 2.7 ± 0.6 0.92

Functional class (%) 0.42
NYHA I 46 48 42
NYHA II 40 48 33
NYHA III 14 943 25
Time post HTX (months) 26.7 ± 26.2 29.4 ± 26.4 21.5 ± 26.0 0.40
Donor’s age (years) 42.7 ± 13.0 43.4 ± 13.7 41.3 ± 12.1 0.65
Donor’s sex (% male) 60 69 42 0.55
Donor’s BMI (kg/m2) 25.7 ± 3.3 25.9 ± 4.0 25.4 ± 1.6 0.71

Clinical chemistry
HsTropT (ng/L) 39 ± 34 30 ± 25 58 ± 45 0.12
NT-proBNP (pg/mL) 1806 ± 2816 846 ± 802 3551 ± 4168 0.07
Creatinine (mg/dL) 1.4 ± 0.6 1.3 ± 0.4 1.5 ± 0.8 0.41
Cystatin C (mL/L) 1.7 ± 0.8 1.6 ± 0.6 2.0 ± 0.9 0.38
CRP (mg/dL) 0.71 ± 1.35 0.67 ± 1.6 0.75 ± 0.76 0.05*
Haemoglobin (g/dL) 12.4 ± 1.7 12.4 ± 1.9 12.3 ± 1.4 0.91
LDL cholesterol (mg/dL) 106 ± 38 102 ± 27 113 ± 54 0.45
HbA1c (%) 6.3 ± 1.9 6.1 ± 1.0 6.8 ± 3.0 0.80
HbA1c (mmol/mol) 45.6 ± 20.9 43.1 ± 10.4 50.3 ± 32.5 0.87

Medication
Tacrolimus (%) 94 91 100 0.54
MMF (%) 91 91 92 >0.99
Everolimus (%) 14 17 8 0.64
Prednisolone (%) 94 96 92 >0.99
Loop diuretics (%) 63 52 83 0.14
ACE inhibitor (%) 29 30 25 >0.99
Calcium channel inhibitor (%) 43 39 50 0.72
Beta receptor blocker (%) 31 30 33 >0.99
Statin (%) 91 91 92 >0.99
Acetyl salicylate (%) 86 83 92 0.64
Insulin (%) 20 13 33 0.19
Metformin (%) 6 8 0 0.54

ACE, angiotensin converting enzyme; AU, arbitrary unit; BMI, body mass index; CKD, chronic kidney disease; CRP, c-reactive protein;
HbA1c, haemoglobin A1c; HsTropT, high-sensitivity troponin T; HTX, heart transplantation; DCM, dilated cardiomyopathy; ICM, ischemic
cardiomyopathy; LDL, Low-density lipoprotein; LV, left ventricle; MMF, mycophenolate mofetil; NT-proBNP, N-terminal-pro brain natri-
uretic peptide; T2DM, type 2 diabetes mellitus.
Means ± SD; P values calculated with unpaired t-test/Mann–Whitney test, Fisher’s exact test, χ2 test.
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quantified by digital image analysis at 200 times
magnification. Calculated objects were related to square
millimetre (mm2).

Myocardial bioenergetics

We performed HRR in saponine-permeabilized right ventricu-
lar EMB immediately after tissue harvesting using the
Oxygraph-2k (OROBOROS Instruments, Innsbruck, Austria)
as previously reported.22 Investigators were unaware of the
histologic rejection diagnosis at the time of respiration analy-
sis. Briefly, substrates were applied in the following order (in
mM): 2 malate, 1 octanoyl-carnitine, 2.5 ADP for the electron
transferring flavoprotein complex (CETF), 10 glutamate for
electron transport chain (ETC) complex I respiration, 10
succinate for ETC complex II respiration, 0.01 cytochrome C,
0.005 oligomycin, stepwise titration of 0.2 μM carbonyl
cyanide-trifluoromethoxyphenylhydrazone (FCCP) for
uncoupled respiration and 5 μM antimycin A. Oxidative ca-
pacity was quantified as tissue weight-normalized oxygen
consumption at saturating levels of oxygen, ADP and sub-
strates (State 3 respiration). Respiratory control ratio and
leak control ratio were calculated as state 3 divided by respi-
ration after addition of oligomycin (state 4o) and state 4o di-
vided by uncoupled respiration (state u), respectively.22

Markers of systemic oxidative stress

Serum samples were stored at �80°C and thawed for 1 h on
ice prior to measurements.23 Thiobarbituric acid reactive sub-
stances, reflecting lipid peroxidation, were measured
fluorometrically (BioTek Instruments, Inc., Winooski, USA) at
an excitation wavelength of 544 nm and emission wavelength
of 590 nm. Static redox potential (static ORP) and antioxidant
capacity were measured using the RedoxSys® (Aytu Biosci-
ence, Englewood, USA).

Cardiovascular magnetic resonance

In participants not presenting with contraindications (e.g.
metal implants, defibrillators, or limiting obesity), CMR was
conducted on the same day or 1 day after harvesting of the
EMB (n = 21/35) using a 1.5 T scanner (Achieva, Philips, Best,
The Netherlands) with a 32 channel phased array coil. In
addition to standard protocols for measuring ventricular
volumes and function, LV T2 relaxation time was quantified
using the Gradient and SpinEcho (GraSE) sequence as
described previously.24

Cardiovascular magnetic resonance feature tracking was
performed to measure global LV longitudinal strain using a
semiautomatic contour tracing software (LV Analysis, TomTec,
Unterschleissheim, Germany).

Statistics

Statistical analyses were conducted with GraphPad Prism 7.0
(GraphPad Software, Inc., La Jolla, USA). Normality for contin-
uous variables was tested using the Shapiro–Wilk test. Nor-
mally distributed data were presented as means ± standard
deviation. Groups were compared using unpaired two-tailed
t-test when normally distributed or using Mann–Whitney test
for non-parametric data. Contingency tables were analysed
using Fischer’s exact test and χ2 test if more than two catego-
ries were analysed. Correlations in figures of normally distrib-
uted data are portrayed with univariate linear regression
lines and assessed using Pearson correlation, whereas
non-parametric data are described using Spearman’s rank
correlation. Receiver operator characteristic (ROC) analysis
was performed to generate threshold values with respect to
optimal sensitivities, specificities, and areas under the curve.
Statistical significance threshold was P < 0.05.

Results

Patients’ characteristics

Out of 35 enrolled heart transplant recipients, 12 had ACR
(1R) while 23 had no evidence of ACR (0R) (Table 1). There
was no case of acute humoral rejection. There were no ad-
verse events associated to EMB. Distribution of sex, age, body
mass index, pre-existing cardiomyopathies and medium time
post-HTX to study enrolment was comparable between ACR
(1R) and ACR (0R) patients (Table 1). More than 90% of the en-
rolled patients received immunosuppressive triple therapy
consisting of tacrolimus, mycophenolate mofetil (MMF) and
prednisolone (Table 1). High sensitive troponin T and
NT-proBNP values tended to be elevated in ACR (1R) (Table 1).

Myocardial oxidative capacity is impaired in ACR
(1R)

In ACR (1R), myocardial mitochondrial oxidative capacity in
state III respiration on beta-oxidation related respiration on
the fatty acid octanoyl-L-carnitine for CETF was 37% lower
than in ACR (0R). Likewise, state III respiration on a mixed pro-
tocol of fatty acids and glutamate for ETC complex I respira-
tion was 39% lower in ACR (1R) [77.8 ± 23.0 vs. 128.0 ± 33.0
(pmol*s�1*mg�1); P < 0.0001; Figure 1]. Similarly, ETC com-
plex II respiration following addition of succinate was reduced
by 40% in ACR (1R) compared with ACR (0R) [114.1 ± 42.1 vs.
188.8 ± 57.3 (pmol*s�1*mg�1); P < 0.001; Figure 1].

After stepwise titration of FCCP, uncoupled respiration
remained persistently 30% lower in ACR (1R) compared with
ACR (0R) (Figure 1). Respiratory control ratio was also lower
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in ACR (1R) [2.7 ± 0.8 vs. 2.1 ± 0.4 (AU), P = 0.03], indicating
less effective ATP synthesis (Figure 1).

ACR (1R) features myocardial inflammatory cell
infiltration

Immunohistochemistry revealed myocardial infiltration
with inflammatory cells in ACR (0R) (8.8 ± 11.2 cells/mm2)
(Figure 2; Table 2). Digital image analysis for quantitative
assessment of inflammatory cell infiltration discriminated
between ACR (1R) and ACR (0R) revealing about four times
higher infiltration of CD3+ T lymphocytes in ACR (1R)
[39.3 ± 17.9 vs. 8.8 ± 11.2 (cells/mm2); P < 0.0001] and a five
times higher expression of LFA in ACR (1R) compared with
ACR (0R) [88.2 ± 60.5 vs. 16.4 ± 11.9 (cells/mm2);
P < 0.0001] (Table 2). Correlating time post-transplantation
to inflammatory cell infiltration, there was no significant asso-
ciation (CD3+: r = �0.14, P = 0.44; LFA-1: r = �0.04, P = 0.83).
ROC analysis for infiltrating CD3+ T lymphocytes in myocardial
tissue specimens with a cut-off value of 14 CD3+ cells/mm2

distinguished ACR (0R) vs. ACR (1R) with a sensitivity of
100% and a specificity of 82% (P < 0.0001; Figure 3).

Other important markers of myocardial inflammation like
perforin, a glycoprotein responsible for pore formation in cell
membranes of target cells, macrophage-1 antigen (Mac-1),
mediating endothelial cell adhesion and CD45R0, a member

of leucocyte common antigen family, expressed largely on
previously activated or memory T cells were increased in
ACR (1R) (Table 2).25–27

Figure 1 Lower ventricular myocardial mitochondrial oxidative capacity in mild heart transplant rejection. (A, B, C, D) Myocardial mitochondrial res-
piration with different substrates is lower in mild ACR (1R) compared with no ACR (0R). Substrates used were octanoyl-L-carnitine (for CETF), glutamate
(for CI), succinate (for CII), and carbonyl cyanide-trifluoromethoxyphenylhydrazone (FCCP) for uncoupled respiration. (E) Coupling efficiency with re-
spiratory control ratio (RCR) as state 3 divided by state 4o. (F) Intrinsic uncoupling of the respiratory chain, determined with leak control ratio
(LCR) as state 4o divided by uncoupled respiration. Data are means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (unpaired t-tests
in all figures); n = 23 ACR (0R) vs. 12 ACR (1R). AU, arbitrary unit; CETF, electron transferring flavoprotein complex; CI, respiratory chain complex I;
CII, respiratory chain complex II.

Figure 2 Immunohistochemical staining of CD3+ lymphocytes in
endomyocardial biopsies of patients with and without mild cellular heart
transplant rejection. Representative sections of immunohistochemical
staining of CD3+ lymphocytes in representative endomyocardial biopsies
of patients without ACR (0R) (A) and with mild cellular heart transplant
rejection ACR (1R) (B). 200× magnification.
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Analysis of myocardial oedema and function

Cardiovascular magnetic resonance measurements in a sub-
set of patients (n = 21; 0R = 17; 1R = 4) revealed values in
the normal range for LV end diastolic diameter
(49.5 ± 5.9 mm), LV end systolic diameter (31.6 ± 5.3 mm),
and LV mass (105.4 ± 22.2 g) (Table 3).28 Due to little num-
bers in the 1R group, no comparing statistics between the
groups were performed. Functional measurements of LV
ejection fraction using echocardiography in all patients and
cardiac index measurements using a modified Fick method
revealed comparable values within the normal range for both
groups. Groups did not differ in HF symptoms, acquired as
NYHA class (Table 1).

Cardiovascular magnetic resonance analysis revealed an in-
verse correlation of global LV T2 relaxation time, a marker of
myocardial oedema, to myocardial mitochondrial state III res-
piration supported by octanoyl-L-carnitine for CETF and gluta-
mate for mitochondrial complex I respiration (CETF; r =�0.62,
P = 0.002; CETF + CI r = �0.48, P = 0.02; Figure 4).

Uncoupled mitochondrial respiration correlated with peak
systolic global longitudinal strain, indicating progressive sys-
tolic dysfunction parallel to declining uncoupled myocardial
mitochondrial respiration (r = �0.63, P = 0.004; Figure 5).

Inflammatory cell infiltration relates to impaired
myocardial mitochondrial respiration

Immunohistochemical staining and quantitative assessment
of CD3+ T lymphocytes infiltrating the myocardium was signif-
icantly inversely correlated to myocardial mitochondrial state
III supported by the fatty acid octanoyl-L-carnitine (CETF;
r = �0.41, P = 0.02; Figure 6). Parallel to these results, mito-
chondrial complex I respiration supported by octanoyl-L-
carnitine and glutamate correlated inversely to myocardial
CD3+ T lymphocyte infiltration (CETF + CI r = �0.35,
P = 0.04; Figure 6).

Oxidative stress in impaired mitochondrial
respiration

Thiobarbituric acid reactive substances measurement as a
marker of systemic oxidative stress in serum samples re-
vealed a correlation to lower uncoupled mitochondrial respi-
ration (r = �0.42, P = 0.001). Likewise, static oxidation–
reduction potentials (sORP) correlated inversely to uncoupled
mitochondrial respiration (r = �0.38, P = 0.03; Figure 5).

Figure 3 Receiver operating characteristic (ROC) for CD 3
+
cells (mm

2
).

ROC for CD 3+ cells/mm2 in heart transplant recipients with no ACR
(0R) vs. mild ACR (1R) heart transplant rejection); n = 19 ACR (0R) vs.
12 ACR (1R).

Table 3 Cardiovascular magnetic resonance

All patients (n = 21)
Normal values mean ± SD;

lower–upper limits28

LVEDD (mm) 49.5 ± 5.9 52 ± 5; 42–62
LVESD (mm) 31.6 ± 5.3 32 ± 3; 26–38
IVS (mm) 12.9 ± 1.8 15 ± 3; 7–23
LVEDV (mL) 114.5 ± 30.3 155 ± 30; 95–215
LVESV (mL) 39.6 ± 15.6 55 ± 15; 25–85
LVSV (mL) 74.9 ± 17.7 103 ± 21; 61–145
LV mass (g) 105.4 ± 22.2 121 ± 28; 66–176
LVEF (%) 66.3 ± 7 64 ± 8; 49–79
CO LV (L/min) 5.8 ± 1.1 5.6 ± 1.1; 3.4–7.8
RVEF (%) 65 ± 7.3 66 ± 7; 51–80
CO RV (L/min) 6 ± 1.2 5.6 ± 1.4; 2.8–8.3

CO, cardiac output; IVS, interventricular septum; LV, left ventricle;
LVEDD, left ventricular end diastolic diameter; LVEDV, left ventricu-
lar end diastolic volume; LVEF, left ventricular ejection fraction;
LVESD, left ventricular end systolic diameter, LVESV, left ventricular
end systolic volume; RV, right ventricle.
Means ± SD.

Table 2 Computer-based quantitative assessment of
immunohistochemical staining of infiltrate phenotype and cell
adhesion molecule expression

ACR (0R) (n = 22) ACR (1R) (n = 12) P value

Cells/mm2

CD3 8.8 ± 11.2 39.3 ± 17.9 <0.0001****
LFA-1 16.4 ± 11.9 88.2 ± 60.5 <0.0001****
Perforin 0.39 ± 1.1 12.0 ± 37.8 0.058
MAC-1 32.9 ± 23.7 68.1 ± 45.1 0.019*
CD45R0 41.5 ± 20.0 94.4 ± 57.1 0.0004***

CD, cluster of differentiation; LFA, lymphocyte function-associated
antigen; MAC, macrophage.
Means ± SD; P values calculated with unpaired t-test/Mann–
Whitney test.
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Discussion

In this study, we report disturbed mitochondrial bioenerget-
ics accompanying inflammatory cell infiltration in human
heart transplant recipients. The main findings are as follows:
(i) cardiac allograft recipients with mild ACR (1R) display

lower myocardial mitochondrial respiration compared with
ACR (0R), (ii) myocardial inflammation, systemic oxidative
stress, and myocardial oedema are related to disturbed mito-
chondrial respiration and subclinical myocardial dysfunction
and (iii) quantitative assessment of infiltrating CD3+ T lym-
phocytes distinguished reliable ACR (1R) from ACR (0R).

Figure 4 Impaired myocardial mitochondrial respiration relates to global T2 relaxation time in cardiac MRI. Pearson correlation coefficients across
both groups with linear regression line. n = 23 (18 vs. 5). Substrates used were octanoyl-L-carnitine (for CETF), glutamate (for CI); CETF, electron trans-
ferring flavoprotein complex; CI, respiratory chain complex I; MRI, magnetic resonance imaging.

Figure 5 Uncoupled mitochondrial respiration relates to oxidative stress and left ventricular dysfunction. Uncoupled myocardial mitochondrial respi-
ration in endomyocardial biopsies with no ACR (0R) (n = 23) or mild ACR (1R) (n = 12) cellular heart transplant rejection after stepwise titration of
carbonyl cyanide-trifluoromethoxyphenylhydrazone (FCCP) correlates inverse to markers of oxidative stress [(A) Thiobarbituric acid reactive substances
(TBARS); (B) static oxidation–reduction potential (sORP); (C) peak systolic global longitudinal strain (GLS) in cardiac magnetic resonance analysis;
Spearman correlation.

Figure 6 CD 3+ cell infiltration relates to impaired myocardial mitochondrial respiration. Spearman correlation coefficients across both groups with
linear regression line. Myocardial infiltration with CD3+ cells relates to an impaired myocardial mitochondrial respiration. n = 34 (22 vs. 12). Substrates
used were octanoyl-L-carnitine (for CETF) and glutamate (for CI). CETF, electron transferring flavoprotein complex; CI, respiratory chain complex I.
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Myocardial bioenergetics

Despite the fact of similar clinical features of the patients,
mitochondrial respiration was impaired already in ACR (1R)
suggesting a rejection related functional impairment in our
patients. Disturbed myocardial bioenergetics have been
shown to play a pivotal role in HF pathophysiology.15 Previ-
ously, we showed that oxidative capacity in myocardial tissue
specimens from terminal HF patients undergoing LVAD sur-
gery or HTX also was about 40% decreased compared with
stable heart transplant recipients with a normal LV function
without ACR undergoing surveillance EMB.16 Myocardial
mitochondrial respiration correlated with cardiac index
measurements.16 Likewise, other groups described an about
40% diminished OXPHOS capacity in LV tissue specimens on
non-fatty acid substrates or octanoylcarnitine in patients
undergoing LVAD surgery.15 Although there are numerous
reasons why a human heart can fail, mismatch between
ATP supply and demand can at least partly account for wors-
ening of the HF state.29 Gvozdjakova et al. observed an im-
paired myocardial mitochondrial respiration in ACR.19 These
observations were not linked to clinical or haemodynamic
characteristics of the patients, and immunohistochemistry
of infiltrating inflammatory cells was not performed.

Here, we observe impairment of mitochondrial respiration
in ACR (1R) in a range so far only known from patients with
advanced HF. We observed impaired OXPHOS capacity in
ACR (1R) compared with ACR (0R) with regard to different
substrate combinations (Figure 1A–D). Moreover, we de-
tected reduced respiratory control ratio (Figure 1E) indicating
impaired mitochondrial coupling efficiency in ACR (1R) which
is independent of mitochondrial content and suggests a less
efficient ATP production.30–32 Romero et al. described a de-
creased activity of mitochondrial-related genes in ACR.20

Our results complement these findings and suggest the trans-
lation of alterations in mitochondrial gene regulation in func-
tional alterations. These findings expose mitochondrial
dysfunction as a potential therapeutic target in ACR, espe-
cially considering promising effects of dietary interventions
on mitochondrial bioenergetics.33,34 Just recently, a
dipeptidyl peptidase-4 inhibitor and the inhibitor of the
sodium-glucose linked transporter 2 ertugliflozin have been
shown to improve mitochondrial oxidative phosphorylation,
whether these effects can be transferred to mitochondrial
dysfunction in ACR is yet unclear.35,36

Oxidative stress

Impaired mitochondrial respiration in patients suffering from
HF has been associated with excessive mitochondrial ROS re-
lease and a reduced ATP production.37,38 According to these
findings in HF patients, we observed an inverse correlation
of the systemic oxidative stress markers thiobarbituric acid

reactive substances and oxidation–reduction potentials with
mitochondrial respiration (Figure 5A,B). ROS accumulation
has been described to be a source of mitochondrial genomic
instability, leading to mitochondrial DNA damage resulting in
altered mitochondrial function.39 ACR is associated with ROS
production, so ROS induced mitochondrial genomic instability
may be one potential pathway for ACR mediated mitochon-
drial dysfunction.40 Described impairments in mitochondrial
bioenergetics are related to higher global T2 times in CMR
measurements of our patients (Figure 4A,B), indicating
myocardial oedema and inflammation, suggesting that the
observed bioenergetic changes are already reflected in car-
diac functional imaging.41–43 Leaking sarcoplasmic reticulum
calcium channels have been shown to provoke mitochondrial
calcium overload and dysfunction in HF, ACR associated
dysfunction of sarcoplasmic reticulum may turn out to be
yet another driver of mitochondrial dysfunction.44

Quantitative immunohistochemistry

Infiltration of CD3+ lymphocytes was associated with im-
paired mitochondrial respiration (Figure 4). Because gold
standard analysis of myocardial mitochondrial respiration
using high respiration respirometry is complex and time con-
suming, analysing infiltrating CD3+ lymphocytes may have the
potential for estimating mitochondrial respiration and ther-
apy monitoring. The CD3 T cell receptor is involved in both
activating CD8+ cytotoxic T cells and CD4+ T helper cells. Be-
cause CD 4+ T lymphocytes are the predominantly infiltrating
mononuclear cells in ACR, quantitative CD3 T lymphocyte
monitoring, as it is established for diagnosis of myocarditis,
seems also a reasonable for ACR monitoring.6

Even in the absence of ACR according to light microscopy,
computer-based quantification of infiltrating inflammatory
cells revealed some amount of T lymphocyte infiltration.4

This observation supports the recently described important
role of infiltrating T lymphocytes not only in acute myocardi-
tis and ACR, but also in other pathological states like
ischaemia, dilative cardiomyopathy, arterial hypertension, ar-
teriosclerosis, and aging.45 Analysing inflammatory cell infil-
tration in EMB of HTX patients with ACR (1R) compared
with ACR (0R) revealed a more than four times higher infiltra-
tion of CD3+ T lymphocytes in ACR (1R) rejection (Table 3).

In HF, it has been shown that T-cell immune response re-
sulted in acute and chronic inflammatory processes impairing
cardiac function by direct cytotoxicity or by enhancing the in-
flammatory functions of other cells. Further studies are
needed to investigate a direct effect of infiltrating immune
cells on mitochondrial bioenergetics.45

In 2004, the ISHLT ACR grading scheme was revised,
among others to improve reproducibility. Comparing interob-
server reproducibility of the 1990 and 2004 ISHLT ACR grad-
ing scheme, only a small, non-significant improvement was
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observed.46 Digital image analysis of infiltrating inflammatory
cells has the potential to detect ACR with high reproducibility.
In similar way, this has recently been revealed for the
diagnostic workup of acute myocarditis,47 thus current diag-
nostic criteria for acute myocarditis comprise an absolute
quantification of infiltrating inflammatory cells using immu-
nohistochemistry in addition to histological findings.21 The
immunohistochemical value for the diagnosis of myocarditis
(≥14 leucocytes/mm2 including up to 4 monocytes/mm2 with
the presence of CD 3 positive T lymphocytes ≥7 cells/mm2)
corresponds well to the results of our ROC analysis where
immunohistochemically detection of an endomyocardial infil-
tration >14 CD3+ cells/mm2 discriminated the histological
diagnosis of ACR (0R) vs. ACR (1R) rejection with a sensitivity
of 100% and a specify of 82% (Figure 3). Further evaluation of
inflammatory cell infiltration in correlation to clinical param-
eters, outcome analysis and response to treatment is needed
to assess the diagnostic power of this approach.

Here, adaptation of immunohistochemical standards for
the diagnosis of myocardial inflammation allowed discrimina-
tion of mild ACR (1R) from ACR (0R). Ongoing studies validate
whether analysis of the CD3+ T lymphocytes also identifies
moderate ACR (2R) and severe ACR (3R) rejection and
whether an absolute CD3+ cell count has a prognostic impact
in heart transplant recipients. If so, analysing myocardial infil-
tration of CD3+ lymphocytes could be a promising diagnostic
tool to tailor immunosuppressive therapy.

Limitations

Some limitations apply to this study. We performed a
cross-sectional prospective trial including heart transplant
recipients. Due to the single-centre design of the trial,
quantity of participants is limited. The amount of human ven-
tricular myocardial tissue harvested in EMB limited the
implementable number of experiments. Furthermore, during
our inclusion period, only three cases of ACR (2R), and no
case of ACR (3R) occurred, which was not sufficient for statis-
tical analyses of these groups in the study. Like other studies
analysing human ventricular tissue specimens, mitochondrial
respiration in HTX recipients was not compared with tissue
specimens of a heathy control group due to the impossibility
of receiving heathy tissue specimens. Assessment of
long-term data from the presented cohort will address the
impact of impaired mitochondrial bioenergetics and inflam-
matory cell infiltration on cardiac function, clinical symptoms,
and endpoints (death and rehospitalization).

Conclusions

Mild ACR with inflammatory cell infiltration associates with
impaired mitochondrial bioenergetics in cardiomyocytes.

Digital image analysis with quantification of infiltrating in-
flammatory cells identifies patients with mild ACR reliable.
Our findings may help to identify novel checkpoints in cardiac
immune metabolism as potential therapeutic targets in
post-transplant care.
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