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To date, there are no established noninvasive biomarkers available for prediction of car-
diac allograft vasculopathy (CAYV) after orthotopic heart transplantation (OHT). Inflam-
matory processes are supposed to play a central role in the pathogenesis of CAV. Recent
studies have suggested that immune mediators could serve as biomarkers for cardiovascu-
lar diseases. We hypothesized particular cytokines or a combination thereof may serve as
noninvasive biomarkers for CAV. Plasma cytokines were screened from 27 patients with
CAY and 27 patients without CAV after OHT. The concentrations of interleukins-4, -6,
-10, -21, -23, -31, -33, interferon gamma, tumor necrosis factor alpha, and the soluble acti-
vation marker CD40 ligand were determined using Luminex-based multiplex analyses.
Although concentrations of all cytokines except interferon gamma were on average higher
in the CAYV group, there were no significant differences between the groups for any 1 cyto-
kine. Using a binary logistic regression model, we were able to develop a probability score
for detecting patients at elevated risk for advanced CAV with a sensitivity of 92.31% and
a specificity of 60.71% (receiver-operating characteristic area under the curve 0.799 +
0.06; p <0.0001). In conclusion, analyzing the concentration of specific inflammatory
cytokines could be meaningfully included in evaluation of CAV after OHT. © 2019

Elsevier Inc. All rights reserved. (Am J Cardiol 2019;123:1114—1119)

Cardiac allograft vasculopathy (CAV) is one of the most
common and challenging long-term complications after
orthotopic heart transplantation (OHT). Lesions detected
by coronary angiography are present in 7.8% of patients
within the first year after OHT, increasing from 30% in a 5-
year follow-up to 50% within 10 years.' The registry of the
International Society for Heart and Lung Transplantation
(ISHLT) reveals CAV as a leading cause of death beyond
the first year after OHT that implicates decline in overall
survival.” Repetitive performance of routine coronary angi-
ography remains the recommended procedure for evalua-
tion of CAV.”* However, in addition to high cost and stress
for the patient, coronary angiography is an invasive proce-
dure that involves various risks.”® Therefore, it is of great
importance to find an alternative, noninvasive diagnostic
method for detection of CAV. Several risk factors of coro-
nary artery disease play a role in the development of CAV,
but in general it is primarily triggered by inflammatory pro-
cesses reflecting chronic rejection. We hypothesized that
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the concentration of particular inflammatory mediators in
plasma could be detected and serve as noninvasive diagnos-
tic biomarkers of CAV.

Methods

All 293 patients after OHT currently treated in our out-
patient clinic were screened for inclusion in our pilot study.
Patients with signs of severe heart failure or acute infection
at the time of blood sampling, and patients with a history of
cancer or severe renal failure (serum creatinine >200
pumol/L) were excluded. According to these criteria and
results of routinely performed coronary angiography, a total
of 27 patients with confirmed advanced CAV defined as
ISHLT CAV, or CAV; were included in the study. The
control group was composed of 27 patients without angio-
graphic signs of CAV (ISHLT CAV,). Minimum postoper-
ative follow-up time for the patients assigned to the non-
CAV group was set at 5 years (Figure 1). Diagnosis of
CAV was made by coronary angiography performed
according to current recommendations of the ISHLT.’
CAYV severity was assessed according to the standardized
international nomenclature defined as ISHLT CAV, (not
significant), CAV; (mild), CAV, (moderate), and CAV;
(severe).® Further information on the patients’ clinical his-
tories such as initial cardiac disease, cardiovascular risk
factors, cytomegalovirus infection, rejection periods, and
demographics were documented. Hypertension was defined
according to current guidelines of the European Society of
Cardiology.” Blood samples were drawn from a peripheral
vein during regular follow-up visits. Blood was collected in
standard tubes and stored immediately at 4°C. Within
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293 Patients

treated in the outpatient clinic

151 Patients

—> Severe heart failure (9)

—> Acute infection (12)

—> History of cancer (65)

Renal failure [creatinine > 200pmol/I], (56)

15 Patients 13 Patients 36 Patients 87 Patients
CAV-3 CAV-2 CAV-1 CAV-0
—> <5 years after OHT (49)
—> Consent not given (7)
28 Patients 31 Patients
—> Consent not given (1) Incomplete blood samples (4)
27 Patients 27 Patients
Advanced CAV Group Control Group

Figure 1. Study flow chart.

2 hours of blood withdrawal, each plasma sample was cen-
trifuged for 15 minutes at 300g at room temperature. Super-
natants were stored in ribonuclease/deoxy-ribonuclease free
cryovials at —80°C until analyzed. Plasma samples were
subjected to Luminex-based multiplex analyses for the
quantification of soluble immune mediators by the human
Th17-plex (BioRad, Hercules, California) according to the
manufacturer’s instructions. In brief, 25-ul plasma was
diluted with 25-ul1 sample diluent and incubated with mag-
netic beads loaded with capture antibodies for 15 soluble
factors, that is, interleukins-18, -4, -6, -10, -17A, -17F, -21,
-22, -23, -25, -31, -33, interferon gamma (IFNy), tumor
necrosis factor alpha (TNF«), and the soluble activation
marker CD40 ligand. Streptavidin-phycoerythrin was used
for detection and quantification. For each sample and each
cytokine, 50 to 100 beads were measured and the mean
fluorescence intensity of these beads was used for quantifi-
cation of each cytokine using individual standard curves.
All concentrations were determined as pg/ml and the
dynamic range was between 1 pg/ml and 40 ng/ml. The 10
proteins with clear detectable values within detection limits
(i.e., interleukins-4, -6, -10, -21, -23, -31, and -33, IFNy,
TNF«, and soluble activation marker CD40 ligand) were
included in further analyses.

Statistical analyses were performed using MedCalc Sta-
tistical Software version 18.2.1 (MedCalc Software bvba,
Ostend, Belgium; http://www.medcalc.org; 2018) and
SPSS 24 (Armonk, New York). Normal distribution of val-
ues was tested according to Kolmogorov-Smirnov. Values
are expressed as means =+ standard error for normally dis-
tributed values and as interquartile ranges for those that
were not normally distributed. A chi-square test or, if
appropriate, a Fisher’s exact test was used to assess differ-
ences among variables with dichotomous, categorical, or

normally distributed values. The nonparametric Mann-
Whitney U test was performed to evaluate differences
between non-normally distributed continuous values
between the 2 groups. The concentrations of all measured
cytokines were entered into a binary logistic regression
model yielding the probability for having CAV. The valid-
ity of the resulting CAV-cytokine score was assessed with
the Hosmer-Lemeshow test, and the area under the curve of
the resulting receiver-operating characteristic was deter-
mined. The regression equation, including the constant, the
coefficients, and a calculation instruction are given in
Figure 2. Differences were considered either not significant
(p > 0.05) or significant (p < 0.05). The study was approved
by the Ethics Committee of Hannover Medical School,
Hannover, Germany (no. 1610-2012). Written informed
consent was obtained from all participants.
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a=-0.03909x IL4 [pg/ml]
b= 0.08784xIL6 [pg/ml]
¢=-0.00129 x IL10 [pg/ml]
d= 0.02397xIL21 [pg/ml]
e= 0.02365x 1123 [pg/ml)
f= 0.08847xIL31 [pg/ml]
g= 0.02139x 1133 [pg/ml]
h =-0.00550 x sCD40L [pg/ml]

i=-0.31795x IFNy [pg/ml]
j= 0.10802 x TNFa [pg/ml]

Figure 2. Representation of CAV-cytokine score: calculation of CAV
cytokine score estimated from the concentrations of cytokines using a
logistic regression equation.

CAV probability=
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Table 1.

Characteristics of patients with cardiac allograft vasculopathy (CAV) and controls

The American Journal of Cardiology (www.ajconline.org)

Number (%) or median (IQR)

CAV n=27)% Controls (n=27) p value
Age [years] (mean £ SD) 60 £ 13 54 £16 0.436
Men
Active smoking 23 (85%) 21 (78%) 0.728
Left ventricular ejection fraction 60 (60...65)% 62.5 (60. ..65)% 0.164
Years after heart transplantation 12.0(7.2...16.6) 11.8 (5.6...14.8) 0.401
Assessment of CAV (Angiography) 100% 100%
Cyclosporine A 14 (52%) 20 (74%) 0.158
Tacrolimus 12 (44%) 7 (26%) 0.254
Mycophenolate 21 (78%) 14; (52%) 0.086
Everolimus 5 (19%) 9 (33%) 0.352
Low-dose corticosteroids 5(25...5) 2.5(25...5) 0.058
Double therapy 7 (26%) 10 (37%) 0.559
Triple therapy 20 (74%) 17 (63%) 0.559
Hypertension 11 (41%) 11 (41%) 1
Early rejection 7 (26%) 3(11%) 0.293
0.395
Human leukocyte antigen mismatch (mean £ SD) 58+24 5.6£26 0.828
Human leukocyte antigen antibodies 0 0 1
Cytomegalovirus infection 4 (15%) 5 (19%) 1
Body mass index 28.0 (25.7...30.5) 27.4(24.0...31.1) 0.952
Diabetes mellitus 8 (30%) 1 (4%) 0.024
Hyperlipidemia 26 (96%) 23 (85%) 0.351
Dilatative cardiomyopathy 19 (70%) 21 (78%) 0.757
Ischemic cardiomyopathy 6 (22%) 3(11%) 0.467
Congenital heart disease 1(3.7%) 2 (7.4%) 1
Hypertrophic obstructive cardiomyopathy 1 (3.7%) 0 1
Valvular heart disease 0 1 (3.7%) 1

Results

Both groups were comparable concerning age, gender,
follow-up after OHT, prevalence of previous acute rejec-
tion, human leukocyte antigens mismatch and antibodies as
well as cytomegalovirus infection, body mass index, hyper-
tension, or hyperlipidemia. Only one of the known nonim-
munologic risk factors—diabetes—was significantly more
prevalent in the CAV group (Table 1, Supplementary Table
3A and B). All patients were nonsmokers. There were no
significant differences between CAV and control patients
concerning the administration of immunosuppression.
Although the patients in the CAV group received on aver-
age more mycophenolate and low-dose corticosteroids than
patients without CAV, the differences did not reach level of
significance. The underlying cardiovascular pathologies
before OHT were dilated cardiomyopathy (74%), ischemic
cardiomyopathy (16.7%), and congenital heart disease
(5.6%). One patient had valvular heart disease and 1 had
hypertrophic obstructive cardiomyopathy. At the time of
blood sampling, all patients had C-reactive protein and
white blood cell values within the normal range. The distri-
bution of affected vessels in the CAV-group was as follows:
single left anterior descending (LAD) (n=35; 18.5%), left
circumflex (LCX) (n=2; 7.4%), right coronary artery
(RCA) (n=6; 22.2%), left main coronary artery (LMCA)
(n=1; 3.7%), 2-vessel disease (n=9; 33.3%), and 3-vessel
disease (n=4; 14.8%). Plasma concentrations of immune
mediators revealed slightly higher activities in patients with

advanced CAV for all tested cytokines except IFNy
(Figure 3, Supplementary Table 4), whereas none of these
differences were statistically significant (Table 2). Merely
the differences in concentrations of interleukin-6 and TNFo
were close to statistical significance (p=0.06 and p=0.08,
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Figure 3. Overview of the plasma concentrations of 10 selected cytokines:
analysis of concentrations of selected immune mediators in the plasma of
patients with CAV after OHT (n=27) compared with a control group con-
sisting of patients without any angiographic signs of CAV at least 5 years
after OHT (n=27).
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Table 2
Cytokine values of patients with CAV and controls

Mean = standard error [pg/ml]

100 %
90 %

Predicted CAV probability  SEM

80 %
70 %
60 %7
50 %
40 %7
30 %
20 %7

62.14+3.59 %

I 35.16+£3.85 %

Cytokine CAV (n=27) % Controls (n=27) p value
Interferon gamma 43+1.1 48+1.6 0.756
Interleukin 10 84+18 54409 0.155
Interleukin 21 85.7+£49.5 28.0+4.2 0,312
Interleukin 23 264+ 84 17.6 £ 3.5 0.618
Interleukin 31 283425 242 4+2.7 0.208
Interleukin 33 335+ 15.3 174 +3.9 0.380
Interleukin 4 89+ 1.1 8.5+ 0.9 0.808
Interleukin 6 20.6 +7.6 6.9 £0.9 0.061
Soluble activation marker 78.9 +£21.6 629+ 11.7 0.742
CD40 Ligand
Tumor necrosis factor alfa 3.1+£04 24402 0.080

respectively). Implementation of analyzed cytokine con-
centrations into a binary logistic regression model allowed
us to set a score for assessment of probability for having
CAV. Calculation of receiver-operating characteristic
yielded statistical significance of sensitivity and specificity
for the score with an area under the curve of 0.799 +£ 0.06
(p < 0.0001; Figure 4). Applying the score revealed a clear
differentiation among CAYV patients with a calculated prob-
ability of 62.14% (confidence interval 55.0 to 69.3) com-
pared with non-CAV patients with a calculated probability
of 35.16% (confidence interval 27.5 to 42.9; Figure 5). The
difference tested by a 2-sided ¢ test for unpaired samples
was highly significant (p < 0.00001).

Discussion

Several efforts have been made to find a noninvasive
biomarker of CAV. Brain natriuretic peptide and C-reactive
protein have been suggested as biomarkers for the
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Figure 4. Receiver-operating characteristic and area under the curve
analysis of CAV-cytokine score.

p < 0.00001
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Figure 5. Representation of the predicted probability for CAV: prediction
of CAV after OHT by cytokine score in the whole study group.

development of CAV.'” Although both show a certain sen-

sitivity and involvement in the development of CAV, they
lack sufficient specificity."'> Recently, Singh et al
reported that endothelium-enriched microRNAs could be
used as biomarkers for CAV and our group published prom-
ising results concerning micro-RNA 155 and 628-5p.*"”
Other studies have indicated the central role of inflamma-
tory processes in the pathogenesis of CAV' or detected
proinflammatory immune mediators in the context of coro-
nary artery disease and myocardial infarction.'” The current
view of post-transplant graft vasculopathy is based on a
landmark publication from Tellides et al showing that
IFNy, even in the absence of leukocytes, is able to mediate
arterial intima proliferation leading to luminal obstruction.”
Because lymphocytes are the major source of IFNy, we
hypothesized that other T cell-derived cytokines also could
be associated with the development of CAV. Although the
connection between proinflammatory mediators and the
development of CAV has already been described, to our
knowledge, there is no detailed analysis of the concentra-
tions of circulating T-helper 1 and T-helper 2 cytokines in
patients with angiographically confirmed CAV. We focused
on the analysis of specific mediators that are involved in
inflammatory processes, such as the T-helper cytokines
IFNy, TNF, and interleukin-23; the T-helper 2 cytokines
interleukins-4, -10 and -31; the T cell activation marker sol-
uble activation marker CD40 ligand; as well as other proin-
flammatory cytokines such as interleukins-6, -21, and -33.
Although we did not identify any singular immune media-
tor, we were able to develop a probability score for detect-
ing patients at elevated risk for advanced CAV using a
binary logistic regression model with 10 clear detectable
immune mediators. This score revealed highly significant
cumulative differences between patients with advanced
CAV and without it (Figures 4 and 5), and is thus a candi-
date for a novel, noninvasive test. Elevated concentrations
of IFNy were rather less apparent in patients with CAV. So
while there is evidence that IFNy plays a role at atheroscle-
rosis,” our results indicate a rather minor contribution of
IFNy to the development of CAV. This is in line with the
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current view that although CAV resembles atherosclerosis,
there are some important differences.'®'” According to the
study published by Roldan et al. showing an involvement
of the humoral immune system and alloreactive T cells in
the development of CAV, the ratio of these may also be a
marker for risk of CAV."® In our study, all cytokines except
IFNy showed on average higher concentrations in the blood
of CAV patients. However, only interleukin-6 and TNFe,
which are likely important players in the inflammatory
reaction during CAV, showed nearly significant differen-
ces. Both immunological and nonimmunological factors
have been implicated in the development of CAV. The
immunological reaction of the recipient causes fundamental
pathophysiological changes in the transplanted organ and
nonimmunological factors such as hypertension, hyperlip-
idemia, hyperglycemia, smoking, and viral infections con-
tribute to the damaging process of CAV.'”'? In addition to
donor age, various “sterile” (e.g., ischemia and reperfusion
time of the transplanted heart) and pathogenic (e.g., CMV
infection) insults can result in endothelial damage in coro-
nary vessels. As a consequence of the endothelial damage,
inflammatory mediators, cytokines, chemokines, as well as
the complement system are locally activated.”” This immu-
nological reaction leads to local inflammation, thrombosis,
vasoconstriction, intimal hyperplasia, and smooth muscle
cell proliferation. Initial endothelial damage seems to be
the determining factor in the development of CAV.'®
Recipients receiving a transplanted heart induce an innate
immune response. Myeloid cells, natural killer cells, and
interleukin-6 are the main mediators of the innate immune
response and therefore influence the progression of CAV.”'
Recent investigation of different cytokines that are involved
in the activity of natural killer cells have shown higher
interleukin-6 concentrations in transplanted hearts with evi-
dent CAV lesions, whereas transplanted hearts with no
signs of CAV expressed little interleukin-6."” In agreement
with these reports, our data revealed nearly significant
higher concentrations of interleukin-6 in patients with
CAV. Of note, the upregulation of the proinflammatory
monocyte-derived interleukin-6 indicates that monocyte
activation may play a major role in CAV development. In
addition, endothelial cells can secrete interleukin-6 upon
stimulation with damage-associated cytokines like interleu-
kin 18 (data not shown), arguing for a combined inflamma-
tory response of the endothelial system and innate immune
cells. Our study has some limitations. First, this is a single-
center study. Second, most patients in this study were male.
As male gender has been described as a risk factor for
CAYV, this may have influenced our results. Third, there
was more diabetes among patients with CAV. Although the
impact of diabetes on concentration of cytokines is not
clear, it is associated with chronic inflammation and could
therefore influence the result. We did not include patients
with early or developing CAV (ISHLT CAV,). We chose
to compare patients with extreme phenotypes, to increase
the probability of discovering differences. Our study did
not examine cytokine levels at different time points after
OHT. Patients with advanced kidney impairment (creati-
nine >200 pmol/L) were excluded from the study. Because
many patients after OHT simultaneously develop renal
insufficiency and CAV, our results cannot be transferrable

to all patients after OHT. In conclusion, assessment of a
single cytokine or immune mediator does not allow identifi-
cation of patients with CAV. Combining the concentrations
of interleukins-4, -6, -10, -21, -23, -31, and -33, IFNy,
TNFc«, and soluble activation marker CD40 ligand led to
the development of a cytokine score with high sensitivity
and specificity, which seems to be associated with estab-
lished CAV. Please follow https://www.mh-hannover.de/
ambulanz.html to test the score.
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