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Device induced Inflammation 
Innate and adaptive immune Response to Xenografts 

? 

2 of 7 |   BOZSO ET AL.

As the availability of autologous heart valves is limited 
due to organ scarcity, current research focuses on xenogenic 
tissue.8 There is a growing body of evidence demonstrating 
that xenograft constructs used in cardiac surgery provoke a 
cell-mediated and humoral immune response that is believed 
to be the cause of their valve deterioration.1,2

2 |  IMMUNE RESPONSE TO 
XENOGENIC TISSUE HEART 
VALVES

The mechanisms by which the immune system recognizes 
and responds to xenogenic tissue heart valves likely in-
volve the initial activation of the innate immune system, 
with subsequent adaptive immune activation (Figure  1). 
Two of the dominant effector cells of innate immunity are 
macrophages and neutrophils. The process of cross-linking 
preserves collagen in its intact fibrillar formation, which 
is susceptible to degradation by matrix metalloprotease 
(MMP)-1 and MMP-8, secreted primarily by macrophages 
and neutrophils, respectively. This front-line inflammatory 

response is enhanced by neutrophil binding of complement 
components including iC3b and preformed IgM.9 Class 
I MHC molecules can be cross-linked; therefore, 3 main 
mechanisms of immune responses are possible: preformed 
antibodies, macrophage interaction and IgG response via 
MHC Class II on macrophages. Macrophages adhere to 
low-flow areas of the valve, primarily in the fibrosa, and 
interaction must result in degraded molecules presentable 
on MHC Class II molecules. Macrophages also play a piv-
otal role in myointimal proliferation, with a reaction to 
even the Dacron sewing ring with upregulation of basic fi-
broblast growth factor, a chemoattractant for fibroblasts. In 
fact, specific antibodies are detected in recipients of xeno-
genic bioprosthetic heart valves (IgG against HLA Class I 
antigens).9 Furthermore, extracellular matrix (ECM) pro-
teins are capable of inducing a strong and specific antibody 
response, and Class II, rather than Class I, antigens may be 
contributing to valve failure with 3-fold higher calcifica-
tion in aortic wall tissue pre-incubated in serum contain-
ing high levels of graft-specific antibodies.9 Others suggest 
that macrophage activation through IgM and IgG and neu-
trophil activation via IgM and iC3b appear to be crucial in 

F I G U R E  1  Proposed mechanism of development of structural valve deterioration
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Figure 2: Serum levels of IL-10 (pg/ml) before the CABG procedure, at 30 and 60 minutes, and at 24 hours after the operation. 
The triangles and the squares represent the mean value, the whiskers the standard error of the mean. (* = p<0.05 in the On-
pump group; $ =p<0.05 in the Off-pump group; &=p<0.05 between the two cohorts)  
 
 
 
Off-Pump Technique 
Traction sutures were applied to the pericardial edges, 
displacing the heart anteriorly. For exposure of the left 
anterior descending coronary artery or its diagonal bran-
ches, additional pericardial traction sutures were inser-
ted anteriorly to the left phrenic nerve. To rotate the 
heart a moist sponge was placed behind its laterodorsal 
aspect, bringing the coronary artery into the operative 
field. For exposure of obtuse marginal or right coronary 
branches, two wet cotton tapes were passed through the 
transverse sinus with their right ends secured to the sur-
gical drapes. The two loose lengths of tape were then 
used to lift and rotate the heart toward the surgeon, as 
well as to stabilize the coronary artery. Patients were 
heparinized (1 mg/kg) and two thin elastic bands made 
of rubber were used to temporarily occlude the coronary 
artery on either side of the anastomosis site. For the ex-
posure and stabilization of the target vessel stabilizers 
were utilized. (Medtronic, Minneapolis, MN; Genzyme 
Cooperation, Cambridge, MA)) 
 
Blood samples 
In the CBP group, samples of venous blood were ob-
tained from each patient before the operation, at the be-

ginning and at the end of CBP, and 24 hours after the 
procedure. In the OPCAB-group blood samples were 
drawn before the operation, after reperfusion of all 
grafts, at the end of the operation and 24 hours after the 
surgical procedure. Serum samples were obtained via 
centrifugation of the blood tubes and were kept frozen 
until the specific tests were performed.  
 
Quantification of serum ST2 levels 
Serum samples were aliquoted and deep frozen. Soluble 
ST2 levels were measured with a commercial enzyme-
linked immunosorbent assay (ELISA) (R&D Systems, 
Minneapolis, MN, USA). In brief, serum samples and 
standards were incubated in 96-well microplates pre-
coated with anti-human ST2 antibody. After washing, 
peroxidase-conjugated anti-human ST2 antibody was 
added to the microwells and incubated. After another 
washing the substrate was added, and after adding the 
stop solution, the optical density was determined at 
450nm. The amount of protein in each sample was cal-
culated according to a standard curve of optical density 
values constructed for known levels of ST2. The sensiti-
vity of the ELISA kit is 25 pg/ml. 
 

SOLUBLE ST2 PROTEIN IN CARDIAC SURGERY 
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Figure 1: Serum levels of ST2 (pg/ml) before the CABG procedure, at 30 and 60 minutes, and 24 hours after the operation.  
The triangles and the squares represent the mean value, the whiskers the standard error of the mean. (*** = p<0.0001) 
 

 

 

MATERIAL AND METHODS 
 
Patient selection 

With approval of the Ethics Commitee, 30 consecutive 

patients with multivessel coronary artery disease under-

going the CABG procedure were studied. Patients were 

selected for Off-pump CABG only when complete re-

vascularization was technically feasible. There were no 

differences between the two groups of patients with re-

spect to age, sex, symptoms, or functional class (Table 

1).  

All patients received a similar balanced anesthetic regi-

men as described below: medication protocols were si-

milar in both study cohorts (Off- vs On-pump): Preme-

dication: Morph. Sulph.: 0.1 mg/kg im., Midazolam: 

0.05-0.1 mg/kg, Atropin sulph.: 0.005mg/kg. Anesthe-

sia: Midazolam: 0.1-0.15 mg/kg, Fentanyl 0.005 mg/kg, 

Muscle relaxant: Pipecuronium bromide 0.08mg/kg or 

Atracuronium: 0.5 mg/kg. Maintenance of anesthesia: 

continuous IV. Propofol infusion 0.07-0.14 mg/kg/min 

+ inhalation of Isoflurane narcotic gas (0.2-1.5 vol%).+ 

repetitive administration of Fentanyl bolus (0.0025 

mg/kg) for pain relief, in order to attain constant muscle 

relaxation 0.02 mg/kg Pipecuronium bromide or con-

tinuous i.v. infusion of Atracurium (0.5 mg/kg/hr) were 

administered. Heparinization: On-pump group – 3 

mg/kg Na-heparin (=300IE/kg), ACT – are determined 

to be above 600 sec, mild hypothermia (32-34 °C), mi-

nute volume 2.5 L/min, Composition of priming solu-

tion: 1200-1750 ml cristalloid solution + 1000 IE Na-

heparin + 100 ml Mannite (20%solution) + 150 ml Na-

bicarbonate solution (4.2%), neutralization with prot-

amine suph.. Heparinization: Off-pump – half of the 

On-pump dosis = 1.5 mg/kg=150 IE/kg was administer-

ed. ACT should be 300 sec during operation. At the end 

of operation a ACT is always performed and should be 

below 200 sec. No protamine was administered at the 

end of the operation.  

 
Exclusion criteria 
Criteria such as infections, redo or emergency opera-

tion, malignancies, verified immunological disorders, 

acute myocardial infarction less than 2 weeks ago and 

medication with immune-modulating agents such as ste-

roids or antiphlogistics were causes for exclusion from 

the study.  

 

Cardiopulmonary Bypass Technique 
The extracorporal circuit consisted of a roller pump 

(Pemco Inc., Cleveland,OH; Stöckert, Munich, Ger-

many) and a membrane oxygenator (Dideco D-703,  

Modena, IT; Monolyth, Sorin, Saluggia, IT). Standard 

systemic heparinization with target levels of activated 

clotting time of greater than 480 seconds was maintain-

ed during CPP. The pump flow was set at 2.4 L/min/m2. 

Patients were cooled to 32 °C during CBP, and they re-

ceived intermittent antegrade normothermic crystalloid 

cardioplegia, which was a mixture of graduated doses of 

potassium-magnesium solution. At the end of CBP the 

heparin effect was neutralized with equivalent doses of 

protamine (1000U heparin is antagonized with 1000 U 

protamine).  

 
 

Procedure induced Inflammation 
Anti-inflammatory immune response to CPB  

IL-10 Production due to foreign 
surfaces 

sST2 Production due to cardiac 
surgery ? 

1 Szerafin et al. Thorac Cardiovasc Surg. 2009  
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Prolonged ECMO
Following our predefined criteria for postoperative

ECMO prolongation, group III consisted of 2 subgroups:
PPH patients and patients who did not meet the preset qual-
ity criteria at the time of weaning from intraoperative
ECMO or after closure of the chest. For the PPH cohort,
v/a ECMO support was prolonged to prevent volume
overflow to the newly implanted lungs and to facilitate
slow remodeling of the heart. Overall survival was excellent
in this cohort, with 1-, 3-, and 5-year survival rates of 93%,
88%, and 88%, respectively (Figure 3). The prolongation
of ECMO in the other cohort was per definition an early
intervention in lungs showing early signs of impairment
in the 2 intraoperative measurements. This impairment
was expected to worsen without prophylactic ECMO
support and eventually result in severe graft dysfunction.
Patients in this group had 1-, 3-, and 5-year survival rates
of 76%, 74%, and 67% (Figure 3).

To ensure that the beneficial effect of intraoperative
ECMO (group II) was not only due to a shift of deteriorating
patients to group III, we performed an additional analysis,
categorizing patients into non-ECMO and an intraoperative
with or without postoperative ECMO group (Figure E3, A).
The survival benefit for patients in the ECMO group
persisted, both with and without the inclusion of PPH
patients (Figure E3, B).

Propensity Score Matching
Because of the profound differences in patient character-

istics between the non-ECMO (group I) and intraoperative
ECMO (group II) group, a propensity score matching was
performed. The matching parameters included primary
diagnosis/indication for transplant, age at transplantation,
preoperative respiratory status, type of transplant (ie, no
reduction, reduced size, or lobar), gender, height, weight,
and body mass index. Matching resulted in 98 patients in
each group. Table 3 and Figure E4, demonstrate the baseline
characteristics of both groups and the quality of matching.
A trend toward a better oxygen tension/fraction of inspired
oxygen ratio was found in the matched intraoperative
ECMO group upon arrival at ICU (265 ! 14 mm Hg vs
242 ! 11 mm Hg; P ¼ .201). This difference was still
evident 24 hours after transplantation (350 ! 24 mm Hg
vs 322 ! 16 mm Hg; P ¼ .359).

Survival analysis of the propensity-matched cohorts
confirmed previous results from the unmatched data
sets. 1-, 3-, and 5-year survival rates in the intraoper-
ative ECMO group remained higher compared with
the non-ECMO group (89%, 85%, and 85% vs
85%, 79%, and 77%, respectively) (Figure 4),
although due to the relatively small sample size after
matching, the effect was not statistically significant
(P ¼ .290).

FIGURE 2. Patients with intraoperative extracorporeal membrane oxygenation (ECMO) support showed superior survival compared with patients not un-

dergoing ECMO. ECMOprolongation into the early postoperative period led to excellent long-term survival. intraOp, Intraoperative; postOp, postoperative.

2198 The Journal of Thoracic and Cardiovascular Surgery c May 2018

Thoracic: Lung Transplant Hoetzenecker et al
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Intraoperative ECMO improves Outcome 
after  LUTX 

Hoetzenecker et al. JTCVS. 2018  
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 Singer et al. JAMA. 2016 
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 Release 

LUTX without 
ECMO Unethical to  perform LUTX without ECMO and to withhold 

hemodynamic and respiratory stability to these patients!   
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1.1Patients with end-stage pulmonary disease undergoing LUTX (n=42)  

1.2 CTEPH patients undergoing PEA (n= 15) 

1.3 Lung Cancer patients undergoing lung resection (n=15) 
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3. Elisa 



Das Bild kann nicht angezeigt werden. Dieser Computer verfügt 
möglicherweise über zu wenig Arbeitsspeicher, um das Bild zu 
öffnen, oder das Bild ist beschädigt. Starten Sie den Computer 
neu, und öffnen Sie dann erneut die Datei. Wenn weiterhin das 
rote x angezeigt wird, müssen Sie das Bild möglicherweise 

15 

ECMO  
(LUTX) 

CPB  

(PEA) 

no ECC 
(lung resection) 

Objective 1: 

COPD (LUTX) 
 

CF (LUTX) 
 

IPAH (LUTX) 
 

IPF (LUTX) 
 

To observe perioperative inflammation 
during major thoracic surgery with and 

without ECC 

Objective 2: 

 No Hypothesis testing according to inherent groups! 



Das Bild kann nicht angezeigt werden. Dieser Computer verfügt 
möglicherweise über zu wenig Arbeitsspeicher, um das Bild zu 
öffnen, oder das Bild ist beschädigt. Starten Sie den Computer 
neu, und öffnen Sie dann erneut die Datei. Wenn weiterhin das 
rote x angezeigt wird, müssen Sie das Bild möglicherweise 16 

  Results 



Das Bild kann nicht angezeigt werden. Dieser Computer verfügt 
möglicherweise über zu wenig Arbeitsspeicher, um das Bild zu 
öffnen, oder das Bild ist beschädigt. Starten Sie den Computer 
neu, und öffnen Sie dann erneut die Datei. Wenn weiterhin das 
rote x angezeigt wird, müssen Sie das Bild möglicherweise 

Annals of Translational Medicine, Vol 9, No 5 March 2021 Page 5 of 16

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(5):385 | http://dx.doi.org/10.21037/atm-20-4771

Table 1 Basic demographic, procedural and outcome data 

Diagnosis COPD CF IPF IPAH CTEPH Lung cancer

Surgery LUTX LUTX LUTX LUTX PEA Lung resection

Basic demographic data

Number [%] 15 [100] 15 [100] 7 [100] 5 [100] 15 [100] 15 [100]

Age (years) mean ± SD 59±6 29±8 51±13 39±10 59±15 69±7 

Female:male ratio, n [%] 4 [27]:11 [73] 9 [60]:6 [40] 2 [29]:5 [71] 3 [60]:2 [40] 6 [40]:9 [60] 8 [53]:7 [47]

Primary surgery, n [%] 15 [100] 13 [87] 4 [58] 4 [80] 15 [100] 15 [100]

Retransplantation, n [%] – 2 [13] 3 [42] 1 [20] – –

Extracorporeal support, n [%]

ECMO preoperative – 2 [13] 2 [28] – – –

CPB – – – – 15 [100] –

Intraoperative ECMO 15 [100] 15 [100] 7 [100] 5 [100] –

ECMO postoperative 2 [13] 2 [13] 3 [42] 1 [20] 2 [13] –

Intraoperative characteristics 

Time (min)

Length of ECC mean ± SD 183±31 200±48 204±91 218±51 270±64 –

Length of surgery mean ± SD 315±70 324±71 384±89 341±96 465±136 146±59

Vasoactive administration 

Noradrenaline, n [%]

<0.1 μg/kg/min 11 [73] 8 [53] 1 [14] 3 [60] 7 [47] 15 [100]

>0.1–0.5 μg/kg/min 4 [27] 7 [46] 6 [86] – 7 [47] –

>0.5 μg/kg/min – – – 2 [40] 1 [6] –

Dobutamine, n [%] 0 [0] 0 [0] 0 [0] 0 [0] 1 [7] 0 [0]

Blood and coagulation products

PRBCs mean ± SD 4.6±3 8.6±8 10±9 11±11 6±8 1±3

FFPs mean ± SD 11±5 14±11 15 ±15 18 ±17 4±3 0

Fibrinogen, n [%]

0 g 10 [67] 9 [60] 2 [28.5] 2 [40] 4 [26] 14 [93]

0–2 g 5 [33] 3 [20] 2 [28.5] – 7 [47] –

3–5 g – 3 [20] 1 [14.5] 2 [40] 3 [20] –

>5 g – – 2 [28.5] 1 [20] 1 [7] 1 [7]

Tranexamic acid, n [%]

0 mg 14 [93] 12 [80] 4 [57] 1 [20] 1 [7] 15 [100]

500 mg – 1 [7] 2 [28] 2 [40] 3 [20] –

1,000 mg 1 [7] 2 [13] 1 [14] 2 [40] 11 [73] –

Immunosuppression, n [%]  

Table 1 (continued)
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ECMO postoperative  
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Retransplantation, n [%] – 2 [13] 3 [42] 1 [20] – –

Extracorporeal support, n [%]

ECMO preoperative – 2 [13] 2 [28] – – –

CPB – – – – 15 [100] –

Intraoperative ECMO 15 [100] 15 [100] 7 [100] 5 [100] –

ECMO postoperative 2 [13] 2 [13] 3 [42] 1 [20] 2 [13] –

Intraoperative characteristics 

Time (min)

Length of ECC mean ± SD 183±31 200±48 204±91 218±51 270±64 –

Length of surgery mean ± SD 315±70 324±71 384±89 341±96 465±136 146±59

Vasoactive administration 

Noradrenaline, n [%]

<0.1 μg/kg/min 11 [73] 8 [53] 1 [14] 3 [60] 7 [47] 15 [100]

>0.1–0.5 μg/kg/min 4 [27] 7 [46] 6 [86] – 7 [47] –

>0.5 μg/kg/min – – – 2 [40] 1 [6] –

Dobutamine, n [%] 0 [0] 0 [0] 0 [0] 0 [0] 1 [7] 0 [0]

Blood and coagulation products

PRBCs mean ± SD 4.6±3 8.6±8 10±9 11±11 6±8 1±3

FFPs mean ± SD 11±5 14±11 15 ±15 18 ±17 4±3 0

Fibrinogen, n [%]

0 g 10 [67] 9 [60] 2 [28.5] 2 [40] 4 [26] 14 [93]

0–2 g 5 [33] 3 [20] 2 [28.5] – 7 [47] –

3–5 g – 3 [20] 1 [14.5] 2 [40] 3 [20] –

>5 g – – 2 [28.5] 1 [20] 1 [7] 1 [7]

Tranexamic acid, n [%]

0 mg 14 [93] 12 [80] 4 [57] 1 [20] 1 [7] 15 [100]

500 mg – 1 [7] 2 [28] 2 [40] 3 [20] –

1,000 mg 1 [7] 2 [13] 1 [14] 2 [40] 11 [73] –

Immunosuppression, n [%]  

Table 1 (continued)

Length of surgery 

Veraar et al. Transient perioperative inflammation following LUTX

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(5):385 | http://dx.doi.org/10.21037/atm-20-4771

Page 6 of 16

undergoing PEA (CTEPH) had CPB during surgery and 
13% required postoperatively prolonged semi-elective v/a  
ECMO support. Patients undergoing lung resection for 
cancer did not require ECC support. The peak SOFA was 
at 10.5±2.8 for LUTX on ECMO and 10.7±1.7 for PEA 
on CPB patients at end of surgery and decreased steadily 
thereafter.

Treatment differences between study groups 

In patients undergoing LUTX on ECMO support 
there was no difference among the different underlying 
diagnoses (COPD, CF, IPF, and IPAH) with respect to 
the number of administered units of packed red blood 
cells (PRBC) (P=0.119), units of fresh frozen plasma 
(FFP) (P=0.623), grams of fibrinogen (P=0.083), dosage 

of noradrenalin (P=0.107), blood lactate concentration 
(P=0.311), haemoglobin concentration (P=0.841), ECC-
time (P=0.526) and time of surgery (P=0.187). In contrast 
there are inherent treatment differences comparing patients 
undergoing LUTX on ECMO and patients undergoing 
PEA supported by CPB: units of PRBC (P=0.026), units 
of FFP (P<0.001), blood lactate concentration (P=0.021), 
ECC time (P<0.001) and time of surgery (P<0.001), but 
no difference in the administration of grams of fibrinogen 
(P=0.156) and dosage of noradrenalin (P=0.940, Table 1).

Increased postoperative cytokine release

Baseline preoperative cytokine concentrations did not 
reveal statistically significant differences between patients 
planned for LUTX on ECMO, PEA on CPB or pulmonary 

Table 1 (continued)

Diagnosis COPD CF IPF IPAH CTEPH Lung cancer

Methylprednisolone 1 g 15 [100] 15 [100] 7[100] 5 [100] – –

Hydrocortisone 100 mg – – – – 15 [100] –

Measurement of serum parameters

Max. BL (mg/dL) mean ± SD 3.1±1.2 3.5±1.1 4.2±1.4 4.0±1.8 4.3±0.8 1.5±0.7

Min. HB (pg/dL) mean ± SD 9.1±0.9 9.3±1.4 9.6±1.2 9.0±1.4 9.2±0.9 10.4±1.8

Postoperative characteristics (first 24 h)

SOFA-Score mean ± SD 9.2±1.4 10.9±3 11.2±4.6 11.8±1.3 10.72±1.7 –

qSOFA-Score mean ± SD – – – – – 0 [0]

SBP <100 – – – – – 0 [0]

RR >22 – – – – – 0 [0]

GCS <15 – – – – – 0 [0]

Outcome analysis, n [%]

Revision, mean ± SD 1 [7] 0 [0] 0 [0] 0 [0] 0 [0] 2 [13]

VAC, mean ± SD 1 [7] 0 [0] 0 [0] 0 [0] 0 [0] 0 [0]

POS, mean ± SD 2 [13] 0 [0] 2 [25] 2 [40] 2 [13] –

30-d mortality, mean ± SD 1 [7] 0 [0] 1 [12] 0 [0] 1 [7] 0 [0]

HF, mean ± SD 1 [7] 1 [7] 1 [7] 2 [40] 2 [13] 0 [0]

BL, blood lactate concentration; bpm, beats per minute; CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease; CPB,  
cardiopulmonary bypass; d, day; ECC, extracorporeal circulation; ECMO, extracorporeal membrane oxygenation; FFP, fresh frozen  
plasma; HB, haemoglobin; G/l, Giga per liter; HR heart rate; IPAH, idiopathic pulmonary hypertension IPF idiopathic pulmonary fibrosis; 
LUTX, lung transplantation; n, number; PEA, pulmonary endarterectomy; POS, psycho-organic syndrome; PRBCs, packed red blood cells; 
RR, respiratory rate; SBP, systolic blood pressure; SD, standard deviation; SOFA, sequential organ failure assessment score; VAC, vacuum 
assisted closure-therapy; WBC, white blood cells.
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planned for LUTX on ECMO, PEA on CPB or pulmonary 
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Measurement of serum parameters

Max. BL (mg/dL) mean ± SD 3.1±1.2 3.5±1.1 4.2±1.4 4.0±1.8 4.3±0.8 1.5±0.7

Min. HB (pg/dL) mean ± SD 9.1±0.9 9.3±1.4 9.6±1.2 9.0±1.4 9.2±0.9 10.4±1.8

Postoperative characteristics (first 24 h)

SOFA-Score mean ± SD 9.2±1.4 10.9±3 11.2±4.6 11.8±1.3 10.72±1.7 –

qSOFA-Score mean ± SD – – – – – 0 [0]

SBP <100 – – – – – 0 [0]

RR >22 – – – – – 0 [0]
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Outcome analysis, n [%]

Revision, mean ± SD 1 [7] 0 [0] 0 [0] 0 [0] 0 [0] 2 [13]

VAC, mean ± SD 1 [7] 0 [0] 0 [0] 0 [0] 0 [0] 0 [0]

POS, mean ± SD 2 [13] 0 [0] 2 [25] 2 [40] 2 [13] –

30-d mortality, mean ± SD 1 [7] 0 [0] 1 [12] 0 [0] 1 [7] 0 [0]

HF, mean ± SD 1 [7] 1 [7] 1 [7] 2 [40] 2 [13] 0 [0]

BL, blood lactate concentration; bpm, beats per minute; CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease; CPB,  
cardiopulmonary bypass; d, day; ECC, extracorporeal circulation; ECMO, extracorporeal membrane oxygenation; FFP, fresh frozen  
plasma; HB, haemoglobin; G/l, Giga per liter; HR heart rate; IPAH, idiopathic pulmonary hypertension IPF idiopathic pulmonary fibrosis; 
LUTX, lung transplantation; n, number; PEA, pulmonary endarterectomy; POS, psycho-organic syndrome; PRBCs, packed red blood cells; 
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assisted closure-therapy; WBC, white blood cells.
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resections without extracorporeal support. 
IL-6 serum concentrations increased 66-fold after LUTX 

on ECMO support, 71-fold after PEA on CPB and 2-fold in 
patients undergoing lung resection without ECC (Figure 1A). 

Patients undergoing LUTX on ECMO had an 8-fold, 
PEA on CPB a 7-fold and patients undergoing pulmonary 
resections without ECC had no increase of IL-10 serum 
concentrations, respectively (Figure 1B). 

ST2/IL-33R serum concentrations increased 5-fold 
in patients who underwent LUTX on ECMO, 4-fold 
in patients after PEA on CPB, but not in patients with 
pulmonary resections without ECC (Figure 1C). 

TNF-α serum concentrations increased 15-fold in 
LUTX on ECMO, 3-fold in PEA on CPB but not in 
pulmonary resections without ECC. There were no 
alterations in TGF-β serum concentrations.
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Figure 1 Increased cytokine expression after LUTX and PEA were depicted as fold increase (increase from baseline prior to surgery to 
ICU admission). Serum cytokine expressions including IL-6 (A), IL-10 (B) and ST2/IL33 (C) of patients undergoing LUTX with ECMO 
and PEA with CPB; and patients undergoing lung resection without ECC were depicted. A statistically significant increase in IL- 10 serum 
concentrations among patients undergoing LUTX with CF and IPAH compared to COPD patients from baseline prior to surgery to peak 
concentrations after surgery were shown in (D). Significantly increased IL-10 serum concentrations from baseline to end of surgery in 
patients undergoing primary LUTX compared to patients undergoing Re-LUTX are presented in (E). LUTX, lung transplantation; PEA, 
pulmonary endarterectomy; ECMO, extracorporeal membrane oxygenation; ECC, extracorporeal circulation; COPD, chronic obstructive 
pulmonary disease; LUTX, lung transplantation. 
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resections without extracorporeal support. 
IL-6 serum concentrations increased 66-fold after LUTX 

on ECMO support, 71-fold after PEA on CPB and 2-fold in 
patients undergoing lung resection without ECC (Figure 1A). 

Patients undergoing LUTX on ECMO had an 8-fold, 
PEA on CPB a 7-fold and patients undergoing pulmonary 
resections without ECC had no increase of IL-10 serum 
concentrations, respectively (Figure 1B). 

ST2/IL-33R serum concentrations increased 5-fold 
in patients who underwent LUTX on ECMO, 4-fold 
in patients after PEA on CPB, but not in patients with 
pulmonary resections without ECC (Figure 1C). 

TNF-α serum concentrations increased 15-fold in 
LUTX on ECMO, 3-fold in PEA on CPB but not in 
pulmonary resections without ECC. There were no 
alterations in TGF-β serum concentrations.
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Figure 1 Increased cytokine expression after LUTX and PEA were depicted as fold increase (increase from baseline prior to surgery to 
ICU admission). Serum cytokine expressions including IL-6 (A), IL-10 (B) and ST2/IL33 (C) of patients undergoing LUTX with ECMO 
and PEA with CPB; and patients undergoing lung resection without ECC were depicted. A statistically significant increase in IL- 10 serum 
concentrations among patients undergoing LUTX with CF and IPAH compared to COPD patients from baseline prior to surgery to peak 
concentrations after surgery were shown in (D). Significantly increased IL-10 serum concentrations from baseline to end of surgery in 
patients undergoing primary LUTX compared to patients undergoing Re-LUTX are presented in (E). LUTX, lung transplantation; PEA, 
pulmonary endarterectomy; ECMO, extracorporeal membrane oxygenation; ECC, extracorporeal circulation; COPD, chronic obstructive 
pulmonary disease; LUTX, lung transplantation. 
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The underlying diagnoses influence IL-10 serum 
concentrations in patients undergoing LUTX (COPD, CF, 
IPF, IPAH) 

IL-10 serum concentrations increased significantly from 
baseline prior to surgery to peak concentrations after surgery 
between patients undergoing LUTX for COPD [51 (range, 
49–69) to 102 (range, 62–321) pg/mL] and CF [52 (range, 
48–88) to 246 (range, 125–6,514) pg/mL] (P<0.001) or 
IPAH [56 (range, 50–76) to 705 (range, 100–2,104) pg/mL]  
(P<0.019) (Figure 1D). 

Increased preoperative IL-10 concentrations in patients 
bridged to LUTX

Only preoperative IL-10 concentrations were significantly 
increased in patients with implanted v/v ECMO: [55 (range, 
54–908) pg/mL] compared to no ECMO bridging: [53 
(range, 42–104) pg/mL] (P=0.045, Figure 1E).

Dynamic changes of cytokine-expression after surgery 

IL-6 serum concentrations increased significantly from 
baseline to end of surgery and decreased significantly at POD1 

in all patients. From POD1 to POD2 there was a significant 
decrease in IL-6 concentrations in patients with LUTX 
(COPD, CF) and PEA (CTEPH) and a second significant 
increase in patients with LUTX (IPAH) (Figure 2A).  
IL-6 serum concentrations increased 116-fold in COPD, 
28-fold in CF, 31-fold in IPF, 36-fold in IPAH, 71-fold in 
CTEPH and 2-fold in patients with lung resection from 
baseline to end of surgery.

IL-10 serum concentrations increased in LUTX (COPD, 
CF, IPAH) and PEA (CTEPH) patients form baseline to 
end of surgery; and decreased statistically significant in 
the following postoperative days (Figure 2B). IL-10 serum 
concentrations increased 2-fold in COPD, 5-fold in CF, 
2-fold in IPF, 13-fold in IPAH, 2.5-fold in CTEPH and 
1-fold in patients with lung resection from baseline to end 
of surgery.

Peak ST2/IL-33R concentrations were detected at 
POD1 in all study groups followed by a decrease starting 
on POD2. ST2/IL-33R levels rose significantly in patients 
with LUTX (COPD, CF) and PEA (CTEPH) from 
baseline to end of surgery, from end of surgery to POD1 
and decreased significantly at all consecutive time points. 
Patients with LUTX (IPAH) had only a significant increase 
from baseline to end of surgery and a significant decrease 

Figure 2 Dynamic cytokine-expression in the perioperative period. The dynamic perioperative cytokine release is shown in IL-6 (A), IL-10 

(B), ST2/IL33 (C) and TNF-α (D). 
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to re-transplantation for restrictive allograft syndrome 
(the initial LUTX was performed for end-stage IPF) that 
required postoperatively prolonged ECMO support for 
hemodynamic stability died on POD3 due to concomitant 
diffuse bleeding and massive central pulmonary embolism. 
Another patient who underwent LUTX for COPD with an 
early uneventful postoperative course (extubation POD1, 
transfer to the normal ward POD3) died on POD 10 due to 
acute bowel ischemia. One CTEPH patient with a high-risk 
hemodynamic profile died on POD5 because of persistent 

pulmonary hypertension after technically successful PEA 
with resultant prolonged v/a ECMO support. 

Discussion

Indications for ECMO support have expanded rapidly 
beyond acute severe respiratory and cardiac failure and 
extracorporeal cardiopulmonary resuscitation; to semi-
elective procedures, such as bridge to transplantation and 
elective cardiopulmonary support replacing CPB during 

Table 2 Correlation of cytokines with clinical parameters 

Parameter ST2/IL33R IL-10 IL-6 TNF-α TGF-β CRP

Length of ECC 

r 0.262 0.256 0.229 0.023 0.117 0.464

P value 0.045 0.050 0.079 0.859 0.406 0.001

Length of surgery

r 0.229 0.186 0.122 0.056 0.190 0.155

P value 0.066 0.138 0.331 0.654 0.151 0.269

Max. BL 

r 0.197 0.355 0.217 0.007 0.391 0.318

P value 0.144 0.003 0.076 0.957 0.002 0.017

Min. HB 

r 0.116 0.236 0.115 0.007 0.007 0.025

P value 0.352 0.050 0.454 0.955 0.960 0.854

PRBCs 

r 0.049 0.508 0.351 0.037 0.155 0.177

P value 0.695 0.001 0.003 0.765 0.233 0.854

Fibrinogen 

r 0.068 0.017 0.088 0.015 0.118 0.053

P value 0.585 0.886 0.477 0.906 0.365 0.701

FFP 

r 0.203 0.551 0.419 0.021 0.119 0.225

P value 0.097 0.001 0.001 0.866 0.357 0.095

Noradrenalin 

r 0.104 0.251 0.260 0.181 0.212 0.179

P value 0.402 0.040 0.033 0.137 0.101 0.187

BL, blood lactate concentration; CRP, C-reactive protein; ECC, extracorporeal circulation; ECMO, extracorporeal membrane oxygenation; 
FFP, fresh frozen plasma; IL, interleukin; Min. HB, minimum serum haemoglobin concentration; PRBCs, packed red blood cells; r, Pearson 
correlation coefficient; TGF, transforming growth factor; TNF, tumour necrosis factor

20 

IL-10 IL-6 TNF-
Alpha 

sST2 

Correlations 
were perfomed in 
LUTX patients 

only! 

Length of surgery 

Length of ECC 

Max. Lactate 

Min. Hemoglobin 

PRBCs (count) 

FFP (count) 

Noradrenalin 

Cytokine correlate with management (length of ECC and 

surgery, lactate, Hemoglobin, PRBCs, FFP and 

Noradrenalin). 



Das Bild kann nicht angezeigt werden. Dieser Computer verfügt 
möglicherweise über zu wenig Arbeitsspeicher, um das Bild zu 
öffnen, oder das Bild ist beschädigt. Starten Sie den Computer 
neu, und öffnen Sie dann erneut die Datei. Wenn weiterhin das 
rote x angezeigt wird, müssen Sie das Bild möglicherweise 21 

Veraar et al. Transient perioperative inflammation following LUTX

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2021;9(5):385 | http://dx.doi.org/10.21037/atm-20-4771

Page 12 of 16

significantly reduce perioperative inflammation and protect 
pulmonary function (27,28). Sevoflurane was employed in 
lung cancer (lung resection) and CTEPH (PEA) patients, 
due to its cardio-protective properties in patients with 
little or no ischemic heart disease (29). Patients with end-

stage pulmonary disease undergoing LUTX were treated 
with intravenous perfusion of propofol for anaesthesia 
maintenance to avoid surgeon’s exposure to volatile 
anaesthetic.

Large-scale studies validating the SOFA score in 
critically ill patients revealed increased mortality (>50%) at 
a SOFA ≥10 and >95% at SOFA >12 (30,31). In our study 
only extremely high absolute SOFA ≥13 at end of surgery 
showed poorer 30-d mortality in the Kaplan Mayer survival 
analysis. Since perioperative mortality in our ICU patient 
cohort with LUTX on ECMO and PEA on CPB patients 
was very low (3 out of 57 patients, 5%), absolute SOFA 
scores may pertain to treatment strategies rather than real 
organ failure: the SOFA score assesses hepatic function only 
by determining total bilirubin levels. In a study on open-
heart surgery transient hyperbilirubinemia was evident by 
one third of all patients due to increased hemolysis caused 
by CPB (32). In our cohort continuous hemofiltration is 
frequently performed for excessive fluid overload removal 
in the presence of near normal renal function. In these 
patients, treatment strategies might change the renal SOFA 
score (creatinine levels and urine output) without genuine 
alterations in renal function. Further, CPB is known to 
lower platelet count in the early postoperative period, 
thus affecting the SOFA score by itself (33). In this study, 
we observed the same phenomena in patients undergoing 
LUTX on ECMO and PEA on CPB. Besides, SOFA has 
some limitation in actively sedated patients due to the use 
of the Glasgow coma scale to assess neurological function. 
Therefore, we customized the score by excluding the 
neurological assessment completely.

In patients undergoing cardiac surgery Δ-SOFA varied 
among −3 to +1 according to length of ICU stay (33). In 
contrast, in our study Δ-SOFA calculated from end of 
surgery to POD3 ranged from −3.9±3.3 to −5.5±2.5. The 
Δ-SOFA was significantly smaller in patients requiring re-
intubation, hemofiltration or experiencing early mortality. 
Since SOFA is only applicable to ICU patients, the clinical 
course of patients transferred to the normal ward before 
POD3 was not monitored by Δ-SOFA. Therefore, Δ-SOFA 
did not capture the patients with the best postoperative 
course and might underestimate the difference in Δ-SOFA 
between patients with a complicated and an uncomplicated 
course. Patients undergoing lung resection were not 
admitted to ICU. Therefore, the qSOFA was used to detect 
organ failure (7). None of the patients after lung resection 
without ECC met the qSOFA criteria. 

In our investigation, IL-6 was the most sensitive 

Figure 3 Relative changes in SOFA (Δ-SOFA) in the early 
postoperative period. A decrease from end of surgery to POD3 
of Δ-SOFA in patients admitted to ICU was depicted according 
to the underlying end stage pulmonary disease COPD, CF, IPF, 
IPAH and CTEPH patients (A). The postoperative course of the 
single factors of Δ-SOFA are shown in (B). The postoperative 
Δ-SOFA of 30-d mortality, patients requiring HF, patients who 
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significantly reduce perioperative inflammation and protect 
pulmonary function (27,28). Sevoflurane was employed in 
lung cancer (lung resection) and CTEPH (PEA) patients, 
due to its cardio-protective properties in patients with 
little or no ischemic heart disease (29). Patients with end-

stage pulmonary disease undergoing LUTX were treated 
with intravenous perfusion of propofol for anaesthesia 
maintenance to avoid surgeon’s exposure to volatile 
anaesthetic.

Large-scale studies validating the SOFA score in 
critically ill patients revealed increased mortality (>50%) at 
a SOFA ≥10 and >95% at SOFA >12 (30,31). In our study 
only extremely high absolute SOFA ≥13 at end of surgery 
showed poorer 30-d mortality in the Kaplan Mayer survival 
analysis. Since perioperative mortality in our ICU patient 
cohort with LUTX on ECMO and PEA on CPB patients 
was very low (3 out of 57 patients, 5%), absolute SOFA 
scores may pertain to treatment strategies rather than real 
organ failure: the SOFA score assesses hepatic function only 
by determining total bilirubin levels. In a study on open-
heart surgery transient hyperbilirubinemia was evident by 
one third of all patients due to increased hemolysis caused 
by CPB (32). In our cohort continuous hemofiltration is 
frequently performed for excessive fluid overload removal 
in the presence of near normal renal function. In these 
patients, treatment strategies might change the renal SOFA 
score (creatinine levels and urine output) without genuine 
alterations in renal function. Further, CPB is known to 
lower platelet count in the early postoperative period, 
thus affecting the SOFA score by itself (33). In this study, 
we observed the same phenomena in patients undergoing 
LUTX on ECMO and PEA on CPB. Besides, SOFA has 
some limitation in actively sedated patients due to the use 
of the Glasgow coma scale to assess neurological function. 
Therefore, we customized the score by excluding the 
neurological assessment completely.

In patients undergoing cardiac surgery Δ-SOFA varied 
among −3 to +1 according to length of ICU stay (33). In 
contrast, in our study Δ-SOFA calculated from end of 
surgery to POD3 ranged from −3.9±3.3 to −5.5±2.5. The 
Δ-SOFA was significantly smaller in patients requiring re-
intubation, hemofiltration or experiencing early mortality. 
Since SOFA is only applicable to ICU patients, the clinical 
course of patients transferred to the normal ward before 
POD3 was not monitored by Δ-SOFA. Therefore, Δ-SOFA 
did not capture the patients with the best postoperative 
course and might underestimate the difference in Δ-SOFA 
between patients with a complicated and an uncomplicated 
course. Patients undergoing lung resection were not 
admitted to ICU. Therefore, the qSOFA was used to detect 
organ failure (7). None of the patients after lung resection 
without ECC met the qSOFA criteria. 

In our investigation, IL-6 was the most sensitive 

Figure 3 Relative changes in SOFA (Δ-SOFA) in the early 
postoperative period. A decrease from end of surgery to POD3 
of Δ-SOFA in patients admitted to ICU was depicted according 
to the underlying end stage pulmonary disease COPD, CF, IPF, 
IPAH and CTEPH patients (A). The postoperative course of the 
single factors of Δ-SOFA are shown in (B). The postoperative 
Δ-SOFA of 30-d mortality, patients requiring HF, patients who 
were reintubated, patients requiring surgical revision and patients 
with an uneventful postoperative course are shown in (C). 
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significantly reduce perioperative inflammation and protect 
pulmonary function (27,28). Sevoflurane was employed in 
lung cancer (lung resection) and CTEPH (PEA) patients, 
due to its cardio-protective properties in patients with 
little or no ischemic heart disease (29). Patients with end-

stage pulmonary disease undergoing LUTX were treated 
with intravenous perfusion of propofol for anaesthesia 
maintenance to avoid surgeon’s exposure to volatile 
anaesthetic.

Large-scale studies validating the SOFA score in 
critically ill patients revealed increased mortality (>50%) at 
a SOFA ≥10 and >95% at SOFA >12 (30,31). In our study 
only extremely high absolute SOFA ≥13 at end of surgery 
showed poorer 30-d mortality in the Kaplan Mayer survival 
analysis. Since perioperative mortality in our ICU patient 
cohort with LUTX on ECMO and PEA on CPB patients 
was very low (3 out of 57 patients, 5%), absolute SOFA 
scores may pertain to treatment strategies rather than real 
organ failure: the SOFA score assesses hepatic function only 
by determining total bilirubin levels. In a study on open-
heart surgery transient hyperbilirubinemia was evident by 
one third of all patients due to increased hemolysis caused 
by CPB (32). In our cohort continuous hemofiltration is 
frequently performed for excessive fluid overload removal 
in the presence of near normal renal function. In these 
patients, treatment strategies might change the renal SOFA 
score (creatinine levels and urine output) without genuine 
alterations in renal function. Further, CPB is known to 
lower platelet count in the early postoperative period, 
thus affecting the SOFA score by itself (33). In this study, 
we observed the same phenomena in patients undergoing 
LUTX on ECMO and PEA on CPB. Besides, SOFA has 
some limitation in actively sedated patients due to the use 
of the Glasgow coma scale to assess neurological function. 
Therefore, we customized the score by excluding the 
neurological assessment completely.

In patients undergoing cardiac surgery Δ-SOFA varied 
among −3 to +1 according to length of ICU stay (33). In 
contrast, in our study Δ-SOFA calculated from end of 
surgery to POD3 ranged from −3.9±3.3 to −5.5±2.5. The 
Δ-SOFA was significantly smaller in patients requiring re-
intubation, hemofiltration or experiencing early mortality. 
Since SOFA is only applicable to ICU patients, the clinical 
course of patients transferred to the normal ward before 
POD3 was not monitored by Δ-SOFA. Therefore, Δ-SOFA 
did not capture the patients with the best postoperative 
course and might underestimate the difference in Δ-SOFA 
between patients with a complicated and an uncomplicated 
course. Patients undergoing lung resection were not 
admitted to ICU. Therefore, the qSOFA was used to detect 
organ failure (7). None of the patients after lung resection 
without ECC met the qSOFA criteria. 

In our investigation, IL-6 was the most sensitive 

Figure 3 Relative changes in SOFA (Δ-SOFA) in the early 
postoperative period. A decrease from end of surgery to POD3 
of Δ-SOFA in patients admitted to ICU was depicted according 
to the underlying end stage pulmonary disease COPD, CF, IPF, 
IPAH and CTEPH patients (A). The postoperative course of the 
single factors of Δ-SOFA are shown in (B). The postoperative 
Δ-SOFA of 30-d mortality, patients requiring HF, patients who 
were reintubated, patients requiring surgical revision and patients 
with an uneventful postoperative course are shown in (C). 
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surgery (15,18,20). The main distinction between the acute, 
semi-elective and elective use of ECMO is the duration 
of support provided. Acute and semi-elective implanted 
ECMO can support patients with severe organ failure for 
weeks and months, whereas elective ECMO is similar to 
CPB only employed for hours. Semi- elective ECMO as 
a bridge to transplantation avoids mechanical ventilation 
and therefore reduces the risk of infection, functional 
impairment of other organs and muscle deconditioning 
(18,21). Another important distinction between acute-, 
semi- and elective ECMO concerns mortality: while 
mortality rates under acute ECMO range from 37% to 
76% depending on the indication, only 10% of all patients 
who were bridged to transplantation died in the last decade 
(18,22). Until now, no intraoperative death related to 
elective ECMO support was reported (16). 

In this study we revealed evidence for enhanced Th1 
as well as Th2 responses at end of surgery in patients 
undergoing elective LUTX on ECMO and PEA on 
CPB, which we did not observe in patients undergoing 
major pulmonary resections without ECC. The following 
observations point to an on/off phenomenon concerning 
SOFA and cytokine expression following major thoracic 
surgery on ECC support (CPB and ECMO): we did not 
observe perioperative differences in the quantitative and 
qualitative cytokine response or SOFA between PEA on 
CPB and LUTX on ECMO (stressing that no t-statistic 
was employed because of the inherent differences between 
patient groups and their respective surgery). Concerning 
the use of ECC the reasons for this on/off phenomenon 
may lie purely in the contact of blood components with 
tubing of ECC circuits. Other differences such as the use 

of an open (venous reservoir during CPB) vs. closed circuit 
(ECMO), no suction of blood in the ECMO system, more 
bleeding because of full heparinization on CPB, aortic cross 
clamping during CPB, and others may be of subordinate 
significance for perioperative inflammation.

Few intraoperative methods were reported to reduce 
the incidence of inflammation. Beer et al.  showed 
that continuous mechanical ventilation during CABG 
surgery reduced the systemic pro- and anti-inflammatory 
response (23). In our study, mechanical ventilation was 
continued during LUTX on ECMO and temporarily 
discontinued during deep hypothermia during PEA on 
CPB. Furthermore, pulsatile flow during ECC attenuated 
the inflammatory response (24). CPB during PEA was 
performed with non-pulsatile perfusion; whereas various 
degrees of pulsatile flow were generated by the residual 
cardiac function of the patient during v/a ECMO, 
depending on the required respiratory and hemodynamic 
extracorporeal support (per protocol ECMO blood flow 
of 50% of the calculated cardiac output). Studies have 
shown that non-pulsatile perfusion causes a decrease 
in hemodynamic energy resulting in capillary collapse, 
microvascular shunting, and activation of inflammatory 
mediators (25,26). 

Our data did not allow differentiating between the 
effect of ECC and that of the surgical procedure itself as 
the use of ECMO during LUTX and CPB during PEA 
remains part of our standard surgical procedures. Since 
the institutional experience revealed improved short- and 
long-term outcomes with intraoperative ECMO-support a 
control group without ECMO could not be provided (18).

Propofol compared to sevoflurane anaesthesia can 

Table 3 Applicability of cytokines to predict postoperative inflammation and organ dysfunction

SOFA OR Sensitivity (%) Specificity (%) PPV (%) NPV (%)

ST2/IL-33R 2.8 95 80 41 11

IL-10 0.7 89 60 73 8

IL-6 18.6 97 80 82 30

TNF-α 5.5 95 60 78 21

TGF-β 0.1 81 25 25 2

CRP 2.4 95 80 38 11

CRP, C-reactive protein; IL, interleukin; NPV, negative predictive value; OR, odds ratio; PPV, positive predictive value; SIRS, systemic  
inflammatory response syndrome; SOFA, sequential organ failure assessment score; TGF, transforming growth factor; TNF, tumour necrosis  
factor. Cut-offs were found using the Youden Index of absolute cytokine concentrations at end of surgery for SOFA: IL-10 311 ng/mL, 
IL-6 69.0 ng/mL, TNF-α 2.3 ng/mL, ST2/IL33R 2,159 ng/mL, TGF-β 17.2 ng/mL and SIRS: ST2/IL33R 1,249 ng/mL, IL-10 82 ng/mL, IL-6  
19.0 ng/mL, TNF-α 6.3 ng/mL, TGF-β 18,516 ng/mL, CRP 0.84 mg/dL, SOFA 8.5. 

Cytokines predict postoperative inflammation 
measured as high SOFA (>10 points) 

IL-6 serum concentrations at end of surgery had the highest 
the highest sensitivity of 97% for high SOFA! 
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Summary of Part 1 

24 

1 
• There is an immediate rise and concomitant fall of 

inflammation. 

2 
• Our data did not allow differentiating between the effect of 

ECC and that the surgical procedure itself 

3 
• In the presence of an uneventful course, this inflammatory 

response pertains to management strategies. 

4  
• High initial SOFA at the ICU does not reflect mortality 

5 
• But a missing decline ofΔ-SOFA and a very 
• high SOFA> 13 predict adverse outcome 
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Procedure Induced Inflammation 
(Lung Transplantation on ECLS) 
 

Device Induced Inflammation 
(biological heart valve)  

1 

2 

Transient 

Permanent 
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lead to underestimation of the severity of aortic stenosis, as
decreased stroke volume due to mitral regurgitation lowers
the flow across the aortic valve and hence the aortic gra-
dient.453 This underlines the need to combine different meas-
urements, including assessment of valve areas, if possible using
methods that are less dependent on loading conditions, such
as planimetry.457

• Indications for intervention are based on global assessment of
the consequences of the different valve lesions (i.e. symptoms or
presence of LV dilatation or dysfunction). Intervention can be
considered for non-severe multiple lesions associated with symp-
toms or leading to LV impairment.453

• The decision to intervene on multiple valves should take into
account the age, comorbidities, and risk of combined procedures,
and should be made by the Heart Team after precise and com-
prehensive evaluation of valve lesions and their interactions with
each other.453,461 The risk of combined intervention should be
weighed against the evolution of untreated valve disease and the
inherent risk of subsequent intervention.

• The choice of surgical technique/interventional procedure
should take into account the presence of the other
VHD.453,458,459,461

• When interventional procedures are considered, staged proce-
dures may be preferable in cases with aortic stenosis and mitral
regurgitation (see section 5.5). Improved 1-year survival after
combined transcatheter treatment of mitral and tricuspid regurgi-
tation has been reported compared to mitral regurgitation
alone.263 PMC may delay surgery, in situations such as severe
mitral stenosis associated with moderate aortic regurgitation.

The management of specific associations of VHD is detailed in the
individual sections of this document.

11 Prosthetic valves

11.1 Choice of prosthetic valve
Factors for valve selection are the patient’s life expectancy, lifestyle,
and environmental factors, bleeding and thromboembolic risks
related to anticoagulation, potential for surgical or transcatheter re-
intervention, and, importantly, informed patient preference.

Generally, biological heart valves (BHVs) should be preferred in
patients with shorter anticipated survival or comorbidities that may
lead to further surgical procedures, and those who are at increased
risk for bleeding complications. Thromboembolic complications are
less frequent in pregnant women with BHVs.

Recommendations for prosthetic valve selection

Recommendations Classa Levelb

Mechanical prostheses

A mechanical prosthesis is recommended

according to the desire of the informed patient

and if there are no contraindications to long-

term anticoagulation.c

I C

A mechanical prosthesis is recommended in

patients at risk of accelerated SVD.d
I C

A mechanical prosthesis should be considered in

patients already on anticoagulation because of a

mechanical prosthesis in another valve position.

IIa C

Continued

A mechanical prosthesis should be considered in

patients aged <60 years for prostheses in the

aortic position and aged <65 years for prosthe-

ses in the mitral position.462, 464 e

IIa B

A mechanical prosthesis should be considered in

patients with a reasonable life expectancy for

whom future redo valve surgery or TAVI (if

appropriate) would be at high risk.f

IIa C

A mechanical prosthesis may be considered in

patients already on long-term anticoagulation

due to the high risk for thromboembolism.f
IIb C

Biological prostheses

A bioprosthesis is recommended according to

the desire of the informed patient.
I C

A bioprosthesis is recommended when good-

quality anticoagulation is unlikely (adherence

problems, not readily available), contraindicated

because of high bleeding risk (previous major

bleed, comorbidities, unwillingness, adherence

problems, lifestyle, occupation) and in those

patients whose life expectancy is lower than the

presumed durability of the bioprosthesis.g

I C

A bioprosthesis is recommended in case of

reoperation for mechanical valve thrombosis

despite good long-term anticoagulant control.

I C

A bioprosthesis should be considered in patients

for whom there is a low likelihood and/or a low

operative risk of future redo valve surgery.

IIa C

A bioprosthesis should be considered in young

women contemplating pregnancy.
IIa C

A bioprosthesis should be considered in patients

aged >65 years for a prosthesis in the aortic

position or aged >70 years in a mitral position.

IIa C

A bioprosthesis may be considered in patients

already on long-term NOACs due to the high

risk for thromboembolism.466!469 f

IIb B

AF = atrial fibrillation; NOAC = non-vitamin K antagonist oral anticoagulant;
SVD = structural valve deterioration; TAVI = transcatheter aortic valve
implantation.
aClass of recommendation.
bLevel of evidence.
cIncreased bleeding risk because of comorbidities, adherence concerns or geo-
graphic, lifestyle or occupational conditions.
dYoung age (<40 years), hyperparathyroidism, haemodialysis.
eIn patients 60!65 years of age who should receive an aortic prosthesis and
those between 65 and 70 years of age in the case of mitral prosthesis, both valves
are acceptable and the choice requires careful analysis of factors other than age.
fRisk factors for thromboembolism are AF, previous unprovoked proximal deep
venous thromboembolism and/or symptomatic pulmonary embolism, hyper-
coagulable state, antiphospholipid antibody.
gLife expectancy should be estimated at >10 years according to age, sex, comor-
bidities, and country-specific life expectancy.
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10.2. Timing of Intervention for Mixed VHD
10.2.1. Intervention for Mixed AS and AR

Recommendations for Timing of Intervention for Mixed AS and AR
Referenced studies that support the recommendations are 
summarized in Online Data Supplement 33.

COR LOE Recommendations

1 B-NR

1.  In symptomatic patients with combined AS and 
AR and a peak transvalvular jet velocity of at 
least 4.0 m/s or a mean transvalvular gradient of 
at least 40 mm Hg, AVR is recommended.408,409 

1 C-EO

2.  In asymptomatic patients with combined 
AS and AR who have a jet velocity of 
≥4.0 m/s with an LVEF <50%, SAVR is 
recommended.408,409

11. PROSTHETIC VALVES
11.1. Evaluation and Selection  
of Prosthetic Valves
11.1.1. Diagnosis and Follow-Up of Prosthetic Valves

Recommendations for Diagnosis and Follow-Up of Prosthetic Valves
Referenced studies that support the recommendations are 
summarized in Online Data Supplement 34.

COR LOE Recommendations

1 B-NR

1.  In patients with a surgical or transcatheter 
prosthetic valve and in patients who have 
had valve repair, an initial postprocedural TTE 
study is recommended for evaluation of valve 
hemodynamics and ventricular function.410–413 

1 C-EO

2.  In patients with a prosthetic valve or prior valve 
repair and a change in clinical symptoms or 
signs suggesting valve dysfunction, repeat TTE 
is recommended. 

1 C-LD

3.  In patients with a prosthetic valve replacement 
or prior valve repair and clinical symptoms or 
signs that suggest prosthetic valve dysfunction, 
additional imaging with TEE, gated cardiac CT, 
or fluoroscopy is recommended, even if TTE 
does not show valve dysfunction.

2a C-LD

4.  In patients with a bioprosthetic surgical valve, 
TTE at 5 and 10 years and then annually 
after implantation is reasonable, even in the 
absence of a change in clinical status.

2a C-LD
5.  In patients with a bioprosthetic TAVI, TTE 

annually is reasonable.

11.1.2. Selection of Prosthetic Valve Type: 
Bioprosthetic Versus Mechanical Valve

Recommendations for Prosthetic Valve Type: Bioprosthetic Versus 
Mechanical Valve
Referenced studies that support the recommendations are 
summarized in Online Data Supplement 35.

COR LOE Recommendations

1 C-LD

1.  For patients who require heart valve 
replacement, the choice of prosthetic valve 
should be based on a shared decision-making 
process that accounts for the patient’s values 
and preferences and includes discussion of 
the indications for and risks of anticoagulant 
therapy and the potential need for and risks 
associated with valve reintervention.

1 C-EO

2.  For patients of any age requiring valve 
replacement for whom anticoagulant therapy 
is contraindicated, cannot be managed 
appropriately, or is not desired, a bioprosthetic 
valve is recommended.

2a B-NR

3.  For patients <50 years of age who do not 
have a contraindication to anticoagulation 
and require AVR, it is reasonable to choose 
a mechanical aortic prosthesis over a 
bioprosthetic valve.110

2a B-NR

4.  For patients 50 to 65 years of age who require 
AVR and who do not have a contraindication 
to anticoagulation, it is reasonable to 
individualize the choice of either a mechanical 
or bioprosthetic AVR, with consideration of 
individual patient factors and after informed 
shared decision-making.110–119

2a B-NR
5.  In patients >65 years of age who require AVR, 

it is reasonable to choose a bioprosthesis over 
a mechanical valve.110

2a B-NR

6.  For patients <65 years of age who have 
an indication for mitral valve replacement, 
do not have a contraindication to 
anticoagulation, and are unable to undergo 
mitral valve repair, it is reasonable to choose 
a mechanical mitral prosthesis over a 
bioprosthetic valve.110,116,119,414 

2a B-NR

7.  For patients ≥65 years of age who require 
mitral valve replacement and are unable to 
undergo mitral valve repair, it is reasonable 
to choose a bioprosthesis over a mechanical 
valve.110,116,414

2b B-NR

8.  In patients <50 years of age who prefer a 
bioprosthetic AVR and have appropriate anatomy, 
replacement of the aortic valve by a pulmonic 
autograft (the Ross procedure) may be considered 
at a Comprehensive Valve Center.120–122

11.2. Antithrombotic Therapy
Recommendations for Antithrombotic Therapy for Prosthetic Valves
Referenced studies that support the recommendations are 
summarized in Online Data Supplement 36.

COR LOE Recommendations

1 A
1.  In patients with a mechanical prosthetic 

valve, anticoagulation with a VKA is 
recommended.415–419

1 B-NR

2.  For patients with a mechanical bileaflet or 
current-generation single-tilting disk AVR 
and no risk factors for thromboembolism, 
anticoagulation with a VKA to achieve an INR 
of 2.5 is recommended.420–422

1 B-NR

3.  For patients with a mechanical AVR and 
additional risk factors for thromboembolism 
(eg, AF, previous thromboembolism, LV 
dysfunction, hypercoagulable state) or an 
older-generation prosthesis (eg, ball-in-cage), 
anticoagulation with a VKA is indicated to 
achieve an INR of 3.0.423,424 

1 B-NR
4.  For patients with a mechanical mitral valve 

replacement, anticoagulation with a VKA is 
indicated to achieve an INR of 3.0.423,425 

Recommendations for Prosthetic Valve Type: Bioprosthetic Versus 
Mechanical Valve (Continued)

COR LOE Recommendations
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Outcomes after valve replacement with a mechanical versus a 
bioprosthetic valve 
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Implantation of bioprostheses in this age group was also 
associated with a higher risk of reoperation and myocar-
dial infarction after AVR, while risks of heart failure and 
stroke were similar for both types of valves. Bioprostheses 
outnumbered mechanical aortic valve prostheses in this 
age group, and even in patients <50  years old (42.23% 
received bioprostheses), against the recommendations of 
both the ESC and AHA/ACC guidelines. Currently ac-
cepted guidelines from the ESC recommend bioprostheses 
for patients aged >65 years. Between 60 and 65 years of 
age, both bioprostheses and mechanical aortic valve pros-
theses are considered acceptable options.2 In contrast, the 
2020 guidelines from the AHA/ACC lowered the recom-
mended age limit for biologic heart valve implantation due 
to improved hemodynamic status, a lower risk of throm-
boembolic complications and the absence of requiring life- 
long anticoagulant therapy compared to mechanical aortic 
valve prostheses.3 In contrast to the above cited AHA/ACC 
guidelines, we found that patients aged 50– 65 years who 
received mechanical valve prostheses had no significant 
increased incidence of stroke. Interestingly, we found 
that the implantation of bioprostheses in this age group 
resulted in an increased risk of myocardial infarction, re-
operation, and death in a maximum follow- up of 8  years.

Based on AHA/ACC guidelines, the bioprosthesis im-
plantation outnumbers mechanical aortic valve prosthesis 

implantation in young patients. The age limits for the 
implantation of biological valves decreased significantly 
in the last 15 years. It is pure speculation as to whether 
incentive- driven reimbursement schemes in hospitals or 
the relationship between professional societies and the 
medical device industry explain this clinical develop-
ment.10 Interestingly, a Nature Editorial bemoaned that 
surgical science is becoming increasingly irrelevant.11 This 
denunciation is not supported by the situation with aortic 
valve diseases. Outcome studies in surgical aortic valve re-
cipients are published regularly.6- 9  However, it is blatantly 
obvious that these insights do not delve too deeply into the 
daily best practice guidelines.2,12

As early as 2000, a double- blind randomized clinical 
trial confirmed that surgically implanted biological heart 
valves (BHVs) degenerate in an age- dependent manner.13 
In 2011, these data were confirmed by Weber et al.,9  who 
showed that the implantation of bioprostheses correlated 
with increased mortality and the incidence of reoperation 
incidence in patients aged 50– 60 years compared to me-
chanical aortic valve prostheses. Interestingly, recipients 
of bioprostheses presented with impaired haemodynamic 
performance in their postoperative echocardiographic 
follow- up.

Scarce information is available in the literature on the de 
novo occurrence of heart failure in recipients of biological 

F I G U R E  2  Kaplan- Meier survival curves for overall survival. Kaplan- Meier survival curve for the total patient cohort (A) and for 
patients aged 50– 65 years (B). Significantly better survival was observed among patients who received mechanical aortic valve prostheses in 
patients between 50 and 65 years has been observed

univariable: HR=2.95 (2.51-3.46), p<0.001  
multivariable: HR=1.12 (0.94-1.32), p=0.22 

univariable:  HR=1.87 (2.45-2.40), p<0.001  
multivariable: HR=1.68 (1.29-2.18), p<0.001  

sraey56–05llarevO
(A) (B)
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univariable: HR=1.54 (1.13–2.09) , p<0.01  
multivariable: HR=1.34 (0.97–1.85), p=0.08 

univariable: HR=1.20 (0.71–2.03), p=0.49  
multivariable: HR=2.83 (1.56–5.12), p<0.001 

univariable: HR=3.41 (1.47–7.91), p<0.01  
multivariable: HR=3.48 (1.45–8.40) , p<0.01 

univariable: HR=1.93 (1.59–2.33), p<0.001  
multivariable: HR=1.07 (0.86–1.32), p=0.54 

univariable: HR=1.51 (1.12–2.05), p<0.01  
multivariable: HR=0.96 (0.68–1.36), p=0.82 

univariable: HR=1.28 (0.78–2.10), p=0.33 
multivariable: HR=1.39 (0.81–2.40), p=0.23 

(A) (B )

univariable: HR=1.92 (1.12–3.28), p=0.02  
multivariable: HR=2.20 (1.20–4.04), p=0.01 

univariable: HR=2.51 (1.14–5.54), p=0.02 
multivariable: HR=2.87 (1.26–6.56), p=0.01 

(C) (D )

(G) (H )

(E) (F)

F I G U R E  3   Legend on next page

There is a better long-
term survival,  a lower 
risk of reoperation and 
myocardial infarction for 
patients receiving M-AVR. 

.    

Traxler D et al. Eur J Clin Invest. 2022 
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 α-Gal  
 
 
 

Definition: Alpha-Gal is a carbohydrate 
epitope present on the cells of all mammals 
except the humans and old world monkeys. 

Alpha-Gal Antigen 

Alpha-Gal Antibody 
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Serum obtained after implantation of bioprostheses 
evidence increased lysis of alpha-Gal-bearing PK-15 
cells in vitro

To prove whether formation of increased cytotoxic alpha-
Gal IgM antibodies after implantation of bioprostheses has
biological relevance, sera was obtained prior and after
implantation of bioprostheses. As demonstrated in Fig. 4,
sera obtained postoperatively increased cytotoxicity of α-
Gal-bearing PK-15 cells as compared with preoperative sera
(P < 0·001). The specificity of the cytotoxic effect via cyto-
toxic alpha-Gal IgM antibodies was proven as an addition
of soluble Galα1–3Galβ1–4GlcNAc, which was appended
to the serum samples, inhibited markedly cell death of

α-Gal-bearing PK15 cells (P < 0·001). These results are
shown in Fig. 5. This in vitro result indicates that the
alpha-Gal-specific humoral immune response has a poten-
tial role in the degenerative process of alpha-gal-bearing
bioprostheses.

Discussion

First, we analyzed the presence of the α-Gal-epitope on
unfixed and formaldehyde-fixed porcine cardiac valve leaflets.
Sections were double-labelled with IB4, a lectin binding
specifically to α-Gal [16], and with an antibody against vWF
staining endothelial cells [17]. We observed IB4-positive
cells lying within the connective tissue of the valves. To
determine the type of IB4-positive cells, sections from
unfixed and formaldehyde-fixed tissue were double-labelled
with IB4 and antibody against vimentin, a marker for
fibrocytes [18]. We evidenced numerous vimentin-positive
fibrocytes which also stained positively for IB4. IB4-negative,
vimentin-positive fibrocytes were interspersed, indicating

Figure 3 Recipients of bioprostheses demonstrating a 
significant increase of cytotoxic anti-galactose α1,3-galactose IgM 
antibodies as compared with control patients. Sera of recipients of 
bioprosthesis (n = 12), mechanical bioprosthesis (n = 12) and 
patients who underwent a CABG operation (n = 12) were analyzed. 
Box plot shows the median, quartiles and extreme concentrations 
of percent increase of anti-α-Gal IgM antibodies in serum 10 days 
after the operation. A significantly increased mean ± SEM at OD-
value 405 nm in the concentration of anti-α-Gal was observed in 
bioprosthesis valve recipients (45·1 ± 10·5%) as compared with 
recipients of mechanical prostheses (−13·8 ± 4·9%) and CABG 
patients (−2·2 ± 13·6%) (both, P < 0·001).

Figure 4 Cytotoxicity of anti galactose α1,3-galactose antibodies. 
PK15 cells were incubated with a serum pool diluted 1 : 4 from 
bioprostheses recipients (n = 10) obtained preoperatively (white 
bars) and 10 days postoperatively (black bars). Necrosis was 
evaluated by staining with trypan blue. Error bars represent SD 
of two individual read-outs of the same experiment. One 
representative of three individually performed experiments is 
shown. The serum pool from postoperative sera induced a markedly 
higher necrosis in PK15 cells as compared with the sera obtained 
before surgery. Preincubation of serum pools with soluble-
inhibiting sugar Galα1–3Galβ1–4GlcNAc abrogated cytotoxicity 
in a dose-dependent fashion.

Figure 5 Photomicrograph. PK15 cells 
were grown on a glass-slide overnight and 
incubated with a serum pool diluted 1 : 8 
from biovalve recipients (n = 10) obtained 
preoperatively (a) and postoperatively (b). 
Preincubation of the postoperative serum 
pool with Galα1–3Galβ1–4GlcNAc 
diminished its cytotoxic activity (c). Cells 
were stained with trypan blue and viewed 
with a Zeiss Axioplan 2 (Carl Zeiss, Jena, 
Germany).

Increased cytotoxic IgM directed towards α-Gal after 

surgical BHV implantation 
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Increased α‐Gal specific IgG  Antibodies 3 months after 

implantation of surgical BHVs 

Due to this observation of an α‑Gal specific humoral immune re-
sponse after bio valve implantation, we hypothesized whether
α‑Gal specific IgG content increases within 3 months after valve
implantation. Furthermore, we exploredwhich α‑Gal specific IgG
subclass is increased within the same period. Lastly, we exam-
ined bioprostheses explanted after 1 week and after 12 months,
respectively, to investigate eventual changes in IB4 staining.

Materials and Methods
!

Human sera and clinical features
Human sera from patients who underwent valve replacement
surgery (bioprosthetic valve replacement n = 19, mechanical
valve replacement n = 8) were collected prior to, at 10 days and
at 3months after surgery. Themean age of bioprosthetic andme-
chanical valve recipients was 74 ± 1.1 years and 56 ± 7.8 years,
respectively. Since all mammals, except Old World monkeys and
humans express α‑Gal on nucleated cells, we investigated recipi-
ents of commercially available bovine and porcine bioprostheses
in our clinical study. Types of bioprostheses implanted were: Sor-
in Pericarbon™ (n = 6, Sorin S.p.A., Milano, Italy), Sorin Freedom™

(n = 7), St. Jude Epic™ (n = 2, St. Jude Medical, Inc., St. Paul, MN,
USA), Carpentier-Edwards Magna™ (n = 4, Edwards Lifesciences,
Irvine, CA, USA). 3 bioprosthetic tissue samples were obtained
from patients who had to undergo reoperation because of valve
malfunction or death within one week (n = 1) and after 12–15
months (n = 2), respectively.

Enzyme-linked immunoabsorbent assays
The ELISA technique was used to measure anti-α‑Gal IgG and IgG
subclass antibodies in patientsʼ sera prior to, at 10 days and at 3
months after cardiac surgery. Galalpha1.3-Galβ1–4GlcNAc (Dex-
tra Laboratories, Reading, UK) was used as a solid-phase antigen.
Blocking was done with assay buffer (2.5 g BSA, 500ml PBS -/-,
250 µl Tween 20). After incubation with samples and washing,

the following HRP-conjugated detection antibodies were added:
antihuman IgG‑Fc (Bethyl, Montgomery, TX, USA) and antihuman
IgG subclasses (Invitrogen, Carlsbad, CA, USA). A color reaction
was obtained with peroxidase reagent TMB (3.3′,5.5′-tetrame-
thylbenzidine, Sigma-Aldrich, St. Louis, MO, USA) and optical
density was read at 450 nm using a Victor3 plate reader (1420
Multilabel Counter, PerkinElmer, Waltham, MA, USA).

Valve histology and immunohistochemistry
Histology and immunohistochemistry were performed as re-
ported before [15]. In brief, the explanted bioprostheses were
fixed with 4% formaldehyde in 0.1M phosphate buffer (pH 7.4).
Leaflets were rinsed in solutions of sucrose in PBS and then fro-
zen in liquid nitrogen. 10-µm section were cut on a cryostat mi-
crotome (Kryocut model 3000; Leitz, Wetzlar, Germany) and
mounted on gelatin-coated slides. These slides were stained with
hematoxylin and eosin (H&E).
Furthermore, sections were double fluorescence labeled with IB4
against α‑Gal residues [14] (Isolectin GS‑IB4 from Griffonia sim-
plicifolia, Alexa Fluor 488 conjugate, catalogue # I-21411, Molec-
ular Probes, Eugene, OR, USA) and DAPI (VECTASHIELD Mounting
Mediumwith DAPI, catalogue # H-1200, Vector laboratories, Bur-
lingame, CA, USA) against DNA in order to stain for nucleated
cells; sections of explanted valves were rinsed in PBS, IB4 (1:
500) was applied for 2 h at 37°C. After rinsing the sections were
mounted with mounting medium containing DAPI.
Labeled sections were analyzed and photo-documented under a
confocal laser-scanning microscope (CLSM 510, Carl Zeiss, Jena,
Germany).

Statistical analysis
Statistical analysis was performed using SPSS software (SPSS for
Windows Version 15; SPSS Inc., Chicago, IL, USA). Mann-Whitney
U test and Wilcoxon-test was used to calculate significance and a
p value of 0.05 was considered to be statistically significant.

Fig. 1 Evaluation of α‑Gal specific IgG revealed a significant increase 3
months after bio valve implantation (***p < 0.001) compared to preopera-
tive values and compared to a control group (*p < 0.05), evidencing a spe-
cific humoral immune response against the α‑Gal epitope.

Fig. 2 The IgG subclass specification is depicted in l" Fig. 2. Interestingly,
IgG3 subclass levels are most affected (significant increase of IgG3,
*p < 0.05, significantly higher than in the control group, p < 0.01, data not
shown), whereas the other subclasses hardly respond to α‑Gal structures of
the implanted valve tissue.

192

Mangold A et al. Alpha-Gal Specific IgG… Thorac Cardiov Surg 2009; 57: 191–195
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Alpha-Gal specific IgG 

Bioprostehtic valve recipients (n=19) 
Mechanical heart valve recipients (n=8) 

There is an antibody class switch induced by 
 continous antigen exposure! 
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Alpha- Gal 

The classical pathway is activated by binding of AK to 
antigens such as galactose‐α1,3‐galactose! 

The Complement system is activated by binding of 
antibodies to (xeno)antigens  

Zhou et al. Xenotransplantation. 2019 
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Porcine endothelium cells induce neutrophil 

extracellular trap (NET) formation in human blood  

Doring Y et. al. Circ Res. 2020 

     |  467Yoo et al.

3.3 | Histone induces surface expression of tissue 
factor and adhesion molecules in porcine endothelium

After wild- type pEC were treated with histone, the surface expression 
of tissue factor expression gradually increased with increasing histone 

concentrations (Fig. 4A,B). After heparin, a histone neutralizer, was 
pre- incubated with histone for 10 minutes, tissue factor expression 
was abolished (Fig. 4B).

Endothelial expression of the adhesion molecule E- selectin was 
gradually increased by histone stimulation in a dose- dependent 

F IGURE  2  Imaging of NET formation by 
confocal microscopy. Human neutrophils 
incubated with porcine endothelial cells 
(pEC) was stained with SYTOX green and 
DAPI and observed using a confocal laser 
microscope. The neutrophil incubated with 
pEC demonstrated the large fluorescent 
nucleus and extracellular projection. Scale 
bar represents 5 μm

F IGURE  1 Porcine endothelial cells (pEC) promote DNA–histone complex formation in human whole blood. (A) Wild- type (WT) pEC were 
incubated with human or porcine peripheral whole blood for 1 h at 37°C in vitro. In addition, human endothelial cells (hEC) were incubated 
with human blood. After centrifugation of the whole blood, the DNA–histone complex level was measured in the supernatant plasma. #P<.1 
vs human blood without pEC. (B) Human whole blood was pretreated with histone- neutralizing agents (65 μmol/L polysialic acid or 100 U/
mL heparin), and then, WT pEC were incubated with the pretreated or untreated human blood for 1 h at 37°C in vitro. DNA–histone complex 
formation was measured in the supernatant plasma. *P<.05 vs human blood incubated with WT pEC. (C) Human whole blood was pretreated 
with various amounts of DNA- digesting enzyme (DNase) and then with WT pEC. DNA–histone complex formation was measured in the 
supernatant plasma. (D) α1,3- galactosyltransferase gene- knockout (GTKO) pEC were incubated with human whole blood for 1 h at 37°C, and 
the DNA–histone complex level was measured in the supernatant plasma. *P<.05 vs human blood without GTKO pEC
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3.3 | Histone induces surface expression of tissue 
factor and adhesion molecules in porcine endothelium

After wild- type pEC were treated with histone, the surface expression 
of tissue factor expression gradually increased with increasing histone 

concentrations (Fig. 4A,B). After heparin, a histone neutralizer, was 
pre- incubated with histone for 10 minutes, tissue factor expression 
was abolished (Fig. 4B).

Endothelial expression of the adhesion molecule E- selectin was 
gradually increased by histone stimulation in a dose- dependent 

F IGURE  2  Imaging of NET formation by 
confocal microscopy. Human neutrophils 
incubated with porcine endothelial cells 
(pEC) was stained with SYTOX green and 
DAPI and observed using a confocal laser 
microscope. The neutrophil incubated with 
pEC demonstrated the large fluorescent 
nucleus and extracellular projection. Scale 
bar represents 5 μm

F IGURE  1 Porcine endothelial cells (pEC) promote DNA–histone complex formation in human whole blood. (A) Wild- type (WT) pEC were 
incubated with human or porcine peripheral whole blood for 1 h at 37°C in vitro. In addition, human endothelial cells (hEC) were incubated 
with human blood. After centrifugation of the whole blood, the DNA–histone complex level was measured in the supernatant plasma. #P<.1 
vs human blood without pEC. (B) Human whole blood was pretreated with histone- neutralizing agents (65 μmol/L polysialic acid or 100 U/
mL heparin), and then, WT pEC were incubated with the pretreated or untreated human blood for 1 h at 37°C in vitro. DNA–histone complex 
formation was measured in the supernatant plasma. *P<.05 vs human blood incubated with WT pEC. (C) Human whole blood was pretreated 
with various amounts of DNA- digesting enzyme (DNase) and then with WT pEC. DNA–histone complex formation was measured in the 
supernatant plasma. (D) α1,3- galactosyltransferase gene- knockout (GTKO) pEC were incubated with human whole blood for 1 h at 37°C, and 
the DNA–histone complex level was measured in the supernatant plasma. *P<.05 vs human blood without GTKO pEC
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manner (Fig. 4C,D). The expression of other adhesion molecules, 
VCAM- 1 and ICAM- 1, was similarly increased by histone stimulation 
(Fig. 4D). Heparin neutralization of histone also blocked the induction 
of the adhesion molecule expression.

3.4 | Inhibitor study of DNA–histone 
complex formation

We investigated whether several inhibitors of NET formation would 
block the DNA–histone complex formation induced by xenogenic 
endothelial cells. Human whole blood was pretreated with Cl- amidine, 
a PAD inhibitor,8 or DPI, a NADPH oxidase inhibitor9 and incu-
bated with pEC. Both inhibitors failed to block DNA–histone com-
plex formation induced by pEC (Fig. 5A). Quercetin, an antioxidant 
that inhibits ROS production,29 and Bay 11- 7082, an NF- kB inhibi-
tor, also failed to inhibit DNA–histone complex formation (Fig. 5B). 
Interestingly, ATA significantly inhibited DNA–histone complex for-
mation. CVF rather promoted the DNA–histone complex formation 

induced by xenogenic endothelial cells in a dose- dependent manner 
(Fig. 5C).

4  | DISCUSSION

One of the important hurdles in xenotransplantation is intravascular 
thrombosis. Recent reports have suggested that NET play an essential 
role in thrombotic events.12,14 We investigated whether NET forma-
tion in human blood was induced by pEC. As expected, pEC signifi-
cantly induced the formation of the DNA–histone complex, which is 
a major component of NET in human whole blood. The plasma from 
pEC- incubated human whole blood significantly shortened thrombin 
generation time in normal human plasma. This finding suggests that 
NET formation can be a potential cause of thrombotic complications 
in xenotransplantation models.

Although GTKO pigs could be used to considerably advance the xeno-
transplantation field, thrombotic dysregulation still remains an obstacle, 

F IGURE  3 Treatment of human plasma with pEC accelerates thrombin generation. (A) Human whole blood incubated with or without 
wild- type pEC for 1 h at 37°C was centrifuged, and the supernatant plasma, which contained the DNA–histone complex, was harvested and 
added to normal human plasma to stimulate coagulation. After CaCl2 addition, the thrombin amounts were measured at different time points. 
(B) Recalcified clotting assay was performed with the harvested plasma described in (A). Normal human plasma (80 μL) was stimulated with the 
harvested plasma (20 μL), and, after CaCl2 addition, the clotting time was measured. *P<.05 vs human blood incubated with WT pEC. (C) Anti- 
human tissue factor (TF) neutralizing antibody (30 μg/mL) was preincubated with the harvested plasma described in (A), and then, the thrombin 
generation assay was performed. (D) Human blood was incubated with or without GTKO pEC, and the DNA–histone complex was measured in 
the supernatant plasma. (E) Recalcified clotting assay was repeated with GTKO pEC. *P<.05 vs human blood incubated with GTKO pEC. In all 
panels, the data are representative of three experiments
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ST2 predicts survival in patients undergoing 
 TAVI 

collective stratified by age and gender are shown in Supplementary
Fig. 1. sST2 was significantly higher in males (p b 0.001), but there
was no significant correlation with age (p = 0.116).

Wematched 74 patients from the LURIC study to AS patients by gen-
der and age. Due to the high age of TAVI patients control patients were
slightly younger (mean age 80±2.4 vs. 83± 5.3 years in TAVI patients;
p b 0.001) and eGFR was slightly higher (p = 0.046) (Table 2).

Median sST2 was more than doubled in AS patients compared to
controls (39.5 [31.6–46.1] vs. 17.8 [15.2–24.3] ng/mL, p b 0.001). As
controls were not perfectly matched by age to AS patients, we
controlled for age and renal function in ANCOVA. The difference in
sST2 concentrations between cohorts remained highly statistically
significant (p b 0.001).

In AS patients, sST2 was significantly positively correlated with
NT-proBNP values (r = 0.45, p b 0.001), left and right atrial sizes
(LA volume: r = 0.25, p = 0.033; RA area: r = 0.44, p = 0.001),
and negatively correlated with renal function (eGFR (r = −0.39, p =
0.001) (Supplementary Figs. 2–3). The associations of sST2 with
NT-proBNP and atrial sizes remained significant in linear regression
analyses adjusting for sex, age, and eGFR. There was no significant

association of sST2 with the intake of drugs inhibiting the renin
angiotensin aldosterone system (Supplementary Table 2).

3.3. sST2 predicts survival after TAVI

All-cause mortality after TAVI was 14% (10/72) at one year and 25%
(18/72) at two years. Cardiacmortality according to the VARC-2 criteria
was 9.7% (7/72) at one year and 12.5% (9/72) at two years. The major
adverse cardiovascular event (MACE) rate was 26.4% (19/72) at one
year (Table 1). We calculated the 95th percentile of sST2 in the control
cohort at 49 ng/mL and applied this cut-off to classify AS patients as hav-
ing either normal or elevated sST2 levels. Patients with sST2 concentra-
tions above this cut-off (15/72) were significantly more likely to die
during follow up than patients below this threshold (one and two-
year mortality 40% and 60% vs. 7% and 15.8%, respectively; both p b
0.001 by log-rank test, Fig. 1). A lower cut-off of 35 ng/mL that has
been previously used for younger heart failure patients did not yield a
comparable predictive power in our collective.

In univariate Cox regression analyses (mean follow up 2.6 ±
1.3 years, 24 events) sST2, STS score, and RA area significantly predicted
all-cause mortality (ld sST2: HR= 3.21 (95% CI 1.42–7.24), p = 0.005;
sST2 N 95%ile: HR = 3.84 (95% CI 1.64–8.96), p = 0.002; STS score:
HR = 1.14 (95% CI 1.04–1.26), p = 0.008; RA area: HR = 1.07 (95% CI
1.02–1.12), p = 0.011; Supplementary Table 3). When combining
these parameters in a multivariate Cox regression model both sST2
and STS score significantly predicted mortality (ld sST2: HR = 2.92
(95% CI 1.10–7.75), p = 0.031; STS score: HR = 1.15 (95% CI 1.02–
1.29), p = 0.026). sST2 also predicted the secondary endpoint
one-year MACE in univariate Cox regression analysis (ld sST2: HR =
2.39 (95% CI 1.02–5.60), p = 0.046; Supplementary Fig. 4) and a multi-
variate Cox regression model containing sST2 and STS score (ld sST2:
HR= 2.35 (95% CI 1.02–5.44), p = 0.045).

We then performed ROC analyses for one- and two-year mortality
and compared sST2 to the established biomarkers NT-proBNP, TnT,
and CRP. sST2 had an area under the curve (AUC) of 0.676 (95%
CI 0.445–0.688) and 0.693 (95% CI 0.524–0.854) for one- and two-year
mortality, and significantly predicted these outcomes (logistic
regression: p = 0.036 and p = 0.019, respectively). We also evaluated
risk scores that are currently used to assess prognosis in TAVI patients:
logistic EuroSCORE, EuroScore II, STS score, and German AV score. Of
these, the STS score had the highest AUC for one- and two-year mortal-
ity (0.734 (95% CI 0.587–0.871) and 0.646 (95% CI 0.487–0.793)) and

Table 1
Baseline characteristics of AS patients (n = 74).

Female sex 65% (48/74)
Age (years) 83 ± 5.3
BMI (kg/m2) 25.7 ± 4.12
NYHA class 2.7 ± 0.7
Diabetes 19% (14/74)
Hypertension 82% (61/74)
Atrial fibrillation 39% (29/74)
Prior CABG 13% (10/74)
Prior PCI 31% (23/74)

Echo AV mean gradient (mmHg) 56 ± 19.7
AV area (cm2) 0.65 ± 0.154
E/e′ 26 ± 10.4

cMR EF (%) 62 ± 16.4
LV mass (g) 148 ± 41.4
LV mass index (g/m2) 84 ± 20.6
LA volume (mL) 122 ± 47.9
RA area 4CH (cm2) 24.9 ± 6.25
Late enhancement 89% (64/72)

Risk scores STS score 5.4% [4.1–6.7]
German AV score 6.8% [3.6–10.6]
EuroSCORE II 5.1% [3.4–8.7]
Logistic EuroSCORE 12.4% [7.8–18.2]

All-cause mortality Thirty days 5.6% (4/72)
One year 13.9% (10/72)
Two years 25% (18/72)

Cardiovascular mortality One year 9.7% (7/72)
Two years 12.5% (9/72)

MACE One year 26.4% (19/72)

Values are percentage (n), mean ± SD or median [IQR]. MACE: major adverse cardiac
event.

Table 2
Comparison between AS patients and control cohort.

AS n = 74 Control n = 74 pa Adjusted
pb

Female sex 65% (48/74) 65% (48/74)
Age (years) 83 ± 5.3 80 ± 2.4 b0.001
BMI (kg/m2) 25.7 ± 4.12 25.7 ± 3.4 0.891 0.841
eGFR (mL/min/1.73 m2) 58 ± 17.6 64 ± 16.0 0.046
sST2 (ng/mL) 39.5 [31.6–46.1] 17.8 [15.2–24.3] b0.001 b0.001
NT-proBNP (ng/L) 1828 [684–3522] 440 [219–1096] b0.001 b0.001
CRP (mg/L) 2.4 [1.1–7.1] 3.9 [1.9–9.8] 0.012 0.015
hs Troponin T (ng/L) 22 [12–41] 15 [8–23] 0.025 0.122
CK (U/L) 55 [37–83] 25 [16–34] b0.001 b0.001
CK-MB (U/L) 15.5 [11–21.3] 2.9 [2.4–3.4] b0.001 b0.001
LA diameter (mm) 62 ± 6.7 41 ± 5.7 b0.001 b0.001
a Student's t-test.
b ANCOVA with age and eGFR as covariates.

Fig. 1. Kaplan Meier plot for cumulative survival according to sST2 concentrations
categorized by the 95th percentile of the control cohort (49 ng/mL).
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Figure 2. 
Case #2 gross specimen of calcified bioprosthetic aortic valve from superior (A) and inferior 
(B) views.
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Premature Bioprosthetic Aortic Valve Degeneration 
Associated with Allergy to Alpha-Gal 

1.   BHV Implantation  

2.  Meet congestion (after 5-10 years) 

3.  Urticaria within 6 hours thereafter 

4.  Increased alpha Gal specific IgE 

5.  Aortic stenosis/insufficiency  

6.  Re-operation  

Figure 1. 
Case #1 transesophageal echocardiogram demonstrating severe aortic stenosis on short-axis 
view (A) and insufficiency on long-axis view (B).
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microwell plate was coated with a monoclonal antibody (mAb) specific for
histone H3 (citrullinated at R2, R8, and R17). Sera were added in a 1:2 dilu-
tion in assay buffer.

To assess sST2 and IL-33 serum concentrations, commercially available
ELISA kits for sST2 (DY523B) and IL-33 (DY3625B) (R&D Systems,
Minneapolis, Minn) were used. Sera were diluted 1:20 for sST2 and not
diluted for IL-33.

Postinterventional Antithrombotic Therapy
According to our institutional guidelines patients after TAVI/MitraClip

procedure received dual antiplatelet therapy combining aspirin and a
P2Y12 receptor inhibitor for 3 months, followed by lifelong daily low-
dose aspirin (100 mg). In patients with preexisting anticoagulant therapy
phenprocoumon or nonvitamin K antagonist oral anticoagulants were
continued at a therapeutic dose.

Statistical Analysis
Before the study, we performed a power analysis using G*Power (Hein-

rich Heine University, Dusseldorf, Germany) according to a prior publica-
tion of our study group on a-Gal–specific IgG immune responses after
surgical bioprosthetic valve implantation.5

To reveal a power of 99%, a ¼ 0.05, 2-sided, using the Wilcoxon-
signed-rank test for matched pairs 27 patients undergoing TAVI were
required. To calculate the size of the control group, the Wilcoxon-Mann-
Whitney U test was used. To reach a power of 84%, a ¼ 0.05, 2-sided,
we required 10 patients undergoing the MitraClip procedure.

Graphical methods (histograms) were employed to test normality.
Data are reported as mean " standard deviation for normally distributed
data and median (25th percentile, 75th percentile) for nonnormal distribu-
tions. The Kruskal-Wallis rank test and Mann-Whitney U test were used
for nonnormally distributed data and t tests were performed for
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FIGURE 1. Inflammatory immune response in transcatheter aortic valve implantation (TAVI) and MitraClip (Abbott Laboratories, Abbott Park, Ill) re-

cipients. Hypothesis: Biological medical devices for TAVI induce an galactose-alpha-1,3-galactose (a-Gal)–specific antibody dependent and antibody-

independent immune response 3 months after implantation.Methods: Serum samples were drawn before and 90 days after TAVI andMitraClip and analyzed

for a-Gal-specific immunoglobulin (Ig) G, IgG subclasses, IgE, complement factor 3a (C3a), citrullinated H3 (CitH3), soluble suppression of

tumorigenicity-2 (sST2), and interleukin (IL)-33 using the enzyme-linked immunosorbent assay technique. Results: Significant immune responses were
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microwell plate was coated with a monoclonal antibody (mAb) specific for
histone H3 (citrullinated at R2, R8, and R17). Sera were added in a 1:2 dilu-
tion in assay buffer.

To assess sST2 and IL-33 serum concentrations, commercially available
ELISA kits for sST2 (DY523B) and IL-33 (DY3625B) (R&D Systems,
Minneapolis, Minn) were used. Sera were diluted 1:20 for sST2 and not
diluted for IL-33.

Postinterventional Antithrombotic Therapy
According to our institutional guidelines patients after TAVI/MitraClip

procedure received dual antiplatelet therapy combining aspirin and a
P2Y12 receptor inhibitor for 3 months, followed by lifelong daily low-
dose aspirin (100 mg). In patients with preexisting anticoagulant therapy
phenprocoumon or nonvitamin K antagonist oral anticoagulants were
continued at a therapeutic dose.

Statistical Analysis
Before the study, we performed a power analysis using G*Power (Hein-

rich Heine University, Dusseldorf, Germany) according to a prior publica-
tion of our study group on a-Gal–specific IgG immune responses after
surgical bioprosthetic valve implantation.5

To reveal a power of 99%, a ¼ 0.05, 2-sided, using the Wilcoxon-
signed-rank test for matched pairs 27 patients undergoing TAVI were
required. To calculate the size of the control group, the Wilcoxon-Mann-
Whitney U test was used. To reach a power of 84%, a ¼ 0.05, 2-sided,
we required 10 patients undergoing the MitraClip procedure.

Graphical methods (histograms) were employed to test normality.
Data are reported as mean " standard deviation for normally distributed
data and median (25th percentile, 75th percentile) for nonnormal distribu-
tions. The Kruskal-Wallis rank test and Mann-Whitney U test were used
for nonnormally distributed data and t tests were performed for
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parametric data. The level of statistical significance was set at .05 (2-
tailed P values). Statistical analyses were performed using SPSS software
version 26 (IBM-SPSS Inc, Armonk, NY). GraphPad Prism 8 (GraphPad
Software, La Jolla, Calif) was employed for data visualization (boxplots
and line diagrams). Boxplots were designed as follows: box, first to third
quartile; bar, median; whiskers, fifth to 95th percentile; all individual
values are presented as dots.

Data Availability
All data generated or analyzed during this study are included in this

article and Tables E1 through E4.

RESULTS
Demographic and Clinical Data

In our study, we enrolled 27 TAVI and 10 MitraClip
patients, of whom 13 (48.1%) TAVI and 2 (20%) Mi-
traClip patients were women. The median age of all
patients was 78 years (range, 75-83 years) for TAVI
and 76 years (range, 68-82 years) for MitraClip pa-
tients. Thirty-seven percent of all TAVI patients
received bovine and 63% received porcine heart
valves. The implanted medical devices are described
in detail in Table E1. Left-ventricular ejection fraction
increased and the concentration of N-terminal pro-brain
natriuretic peptide (NT-proBNP) decreased statistically
significantly in patients receiving TAVI 3 months after
intervention (P ¼ .033 and P ¼ .050, respectively).
Detailed baseline characteristics and clinical and echo-
cardiography data are depicted in Tables 1 and 2. In-
flammatory conditions in patients with hyperlipidemia
and adult-onset diabetes mellitus are depicted in
Tables E2 and E3. None of our patients experienced
meat allergy before undergoing the TAVI/MitraClip
procedure. Three patients had an allergy to penicillin,
1 patient was allergic to ciprofloxacin and 1 patient
was allergic to band-aid.

Augmented a-Gal–Specific IgG3 3 Months After
TAVI

We investigated whether BHVs of a glutaraldehyde-fixed
a-Gal–bearing scaffold installed via TAVI induce a-Gal–
specific IgG and IgG subclasses (IgG1, IgG3, and IgG4)
before and 3 months after catheter intervention.

We found significantly increased a-Gal–specific IgG3
serum concentrations in patients 3 months after TAVI
compared with baseline levels (P ¼ .002). Furthermore,
we observed there is a trend toward augmented a-Gal–spe-
cific IgG, but not IgG1 or IgG4 (IgG, P ¼ .09; IgG1,
P ¼ .344; and IgG4, P ¼ .279). Neither a-Gal–specific
IgG nor IgG subclasses (IgG1, IgG3, or IgG4) significantly
increased in the MitraClip control cohort (Table 3).

Three months after TAVI, a-Gal–specific IgE serum con-
centrations did not increase statistically significant
(P ¼ .284). However, IgE sensitization occurred in 55%
of all TAVI patients. Differences in a-Gal–specific anti-
bodies between bovine and porcine heart valves for TAVI
are shown in Table E4.

Significantly Increased C3a in TAVI Patients
3 Months After Intervention

The role of the complement system as innate immunity in
xenograft rejection beyond naturally occurring cytotoxic a-
Gal–specific mAbs is well described. Activation of the clas-
sical complement pathway is caused by the binding of
antibodies to antigens and is the major mechanism of xeno-
graft rejection.8 We investigated whether BHVs for TAVI
trigger systemic complement activation in vivo. We
measured C3a because this protein is the hinge point of
the alternative and lectin complement activation pathway.

Three months after TAVI, C3a levels were significantly
increased compared with baseline levels (baseline, 7.8 mg/

VIDEO 1. Inflammatory immune response in transcatheter aortic valve

implantation (TAVI) recipients. Background: Clinical data on xenograft

valve durability; galactose-alpha-1,3-galactose (a-Gal)–specific xenograft

immune responses in cardiac surgery; a-Gal induced meat allergy and car-

diac surgery. Study results: a-Gal xeongraft immune response in TAVI re-

cipients, inflammation in TAVI recipients: soluble suppression of

tumorigenicity-2 (sST2), NETosis, complement. Video available at:

https://www.jtcvs.org/article/S2666-2736(21)00056-5/fulltext.

TABLE 1. Demographic data

Characteristic TAVI MitraClip* P value

Baseline characteristics

Age (y) 78 (75, 83) 76 (68, 82) .216

Female 13 (48.1) 2 (20.0) .153

BMI 27.4 (23.9, 30.0) 24.5 (22.0, 31.1) .428

Hypertension 20 (74.1) 8 (80.0) 1.000

Diabetes 15 (55.6) 3 (30.0) .269

Hyperlipidemia 15 (55.6) 7 (70.0) .481

Atrial fibrillation 9 (34.6) 5 (55.6) .432

COPD 5 (18.5) 0 (0) .295

CAD 19 (70.4) 8 (80) .694

Smoker 5 (18.5) 2 (20.0) .958

Bioprosthetic features

Bovine tissue valve 10 (37) – –

Porcine tissue valve 17 (63) – –

Continuous, nonparametric values are presented as median (25th percentile, 75th
percentile) based on Kruskal-Wallis test; categorical variables are presented as n
(%) based on c2 test. TAVI, Transcatheter aortic valve implantation; BMI, body
mass index; COPD, chronic obstructive pulmonary disease; CAD, coronary artery
disease. *Abbott Laboratories, Abbott Park, Ill.
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mL; range, 3.2-37.9 mg/mL vs 3-month TAVI, 37.2 mg/mL;
range, 4.6-89.3 mg/mL; P ¼ .001). In contrast, patients
receiving the MitraClip procedure had lower C3a serum
concentrations after intervention compared with baseline
values (baseline, 16.5 mg/mL; range, 5.7-48.5 mg/mL vs
3-month MitraClip, 6.3 mg/mL; range, 3.1-45.3 mg/mL;
P ¼ .130). These data are evidence that the implantation
of glutaraldehyde-fixed biological scaffolds augments the
activation of complement pathways in vivo (Figure 2, A
and B). There were no differences in C3a serum concentra-
tions between bovine and porcine heart valves for TAVI
(Table E4).

Significantly Increased CitH3 Serum
Concentrations, an Indicator of Granulocyte-Specific
NETosis, 3 Months After TAVI and MitraClip
Implantation

Neutrophils are an important cellular component of
innate immunity. They play a critical role in microbial
clearance, activation of other immune cells, and tissue dam-
age and repair, and contribute to coagulation. Neutrophils

are also involved in xenograft rejection. The presence of
CitH3 in the serum is an accepted biological marker for
the detection of granulocyte-specific NETosis.18 Three
months after TAVI, CitH3 was significantly higher than
baseline levels (baseline, 2.7 ng/mL; range, 1.1-4.2 ng/mL
vs 3-month TAVI, 3.9 ng/mL; range, 1.3-9.7 ng/mL;
P ¼ .025). Similar to the TAVI cohort, MitraClip patients
also had significantly elevated CitH3 serum concentrations
3 months postintervention (baseline, 1.7 ng/mL; range, 1.5-
5.2 ng/mL vs 3-month MitraClip, 2.9 ng/mL; range, 1.5-
7.2 ng/mL; P ¼ .039). These data indicate that TAVI, as
well as MitraClip (to a lower extent) elicit NETosis
in vivo (Figure 2, C and D). There were no differences in
citH3 serum concentrations between bovine and porcine
heart valves for TAVI (Table E4).

Significantly Increased sST2 but Not IL-33 Levels
3 Months After TAVI Implantation
Secretion of sST2 is triggered by the cytokines IL-1a, IL-

1b, and IL-6 and contributes to the proinflammatory phase
of systemic inflammation.19 IL-33 itself can upregulate

TABLE 2. Clinical and echocardiographic data

Variable

TAVI MitraClip*

Baseline >3 mo P value Baseline >3 mo P value

Clinical

NT-proBNP (pg/mL) 1716.0 (916.7, 4764.5) 1091 (760.5, 3388.0) .050 2979.5 (1107.0, 7320.7) 1060.0 (635.0, 2984.0) .314

Creatinine (mg/dL) 1.0 (0.93, 1.6) 1.0 (0.74, 1.3) .008 1.1 (0.95, 1.8) 1.3 (1.0, 2.0) .173

NYHA functional class "III 22 (81.5) 2 (7.2) .001 7 (70) 1 (10) .002

Echocardiographic parameters

LVEF>55% 14 (51.9) 17 (63.0) 4 (40) 4 (40)

LVEF 54%-45% 5 (18.5) 7 (25.9) .033 1 (10) 3 (30) .157

LVEF 44%-30% 4 (14.8) 3 (11.1) 4 (40) 2 (20)

LVEF<30% 4 (14.8) 0 (0) 1 (10) 1 (10)

sPAP (mm Hg) 64.0 (51.2, 78.2) 41.0 (30.0, 51.0) .285

AV PPG 76.0 (65.5, 111.0) 16.5 (12.0, 26.5) .001

AV MPG 45.5 (41.7, 62.5) 9.5 (6.0, 15.0) .001

AV Vmax 4.6 (4.0, 5.5) 1.8 (1.6, 2.2) .018

AVA (cm2) 0.7 (0.6, 0.85) – –

Significant P values were written in boldface. Values are presented as median (25th percentile, 75th percentile) or n (%). TAVI, Transcatheter aortic valve replacement; NT-
proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; sPAP, systolic pulmonary artery pressure;
AV, aortic valve; PPG, peak pressure gradient; MPG, mean pressure gradient; Vmax, maximum velocity; AVA, aortic valve area. *Abbott Laboratories, Abbott Park, Ill.

TABLE 3. Serum concentrations of galactose-alpha-1,3-galactose (a-Gal)–specific antibodies in transcatheter aortic valve replacement (TAVI) and

MitraClip (Abbott Laboratories, Abbott Park, Ill) recipients

Antibody

TAVI MitraClip

Baseline >3 mo P value Baseline >3 mo P value

IgG 11.5 (4.6, 14.9) 13.3 (6.4, 15.8) .09 12.7 (7.2, 16.0) 8.0 (5.4, 12.4) .193

IgG1 22.6 (34.7, 34.7) 29.7 (10.8, 48.5) .344 59.6 (34.7, 70.) 58.03 (19.3, 74.5) .556

IgG3 5.3 (3.0, 4.6) 23.1 (6.1, 34.1) .002 21.8 (3.4-46.0) 6.3 (2.3, 20.7) .232

IgG4 6.2 (2.3, 19.0) 6.1 (3.0, 58.0) .279 6.2 (2.3-19.0) 6.1 (3.0, 58.6) .910

IgE 0.51 (0.36, 1.1) 0.56 (0.42, 1.1) .284 1.4 (0.32-7.7) 0.57 (0.27, 2.2) .460

Significant P values were written in boldface. Optical density values are reported as median (25th percentile, 75th percentile). Ig, Immunoglobulin.
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mL; range, 3.2-37.9 mg/mL vs 3-month TAVI, 37.2 mg/mL;
range, 4.6-89.3 mg/mL; P ¼ .001). In contrast, patients
receiving the MitraClip procedure had lower C3a serum
concentrations after intervention compared with baseline
values (baseline, 16.5 mg/mL; range, 5.7-48.5 mg/mL vs
3-month MitraClip, 6.3 mg/mL; range, 3.1-45.3 mg/mL;
P ¼ .130). These data are evidence that the implantation
of glutaraldehyde-fixed biological scaffolds augments the
activation of complement pathways in vivo (Figure 2, A
and B). There were no differences in C3a serum concentra-
tions between bovine and porcine heart valves for TAVI
(Table E4).

Significantly Increased CitH3 Serum
Concentrations, an Indicator of Granulocyte-Specific
NETosis, 3 Months After TAVI and MitraClip
Implantation

Neutrophils are an important cellular component of
innate immunity. They play a critical role in microbial
clearance, activation of other immune cells, and tissue dam-
age and repair, and contribute to coagulation. Neutrophils

are also involved in xenograft rejection. The presence of
CitH3 in the serum is an accepted biological marker for
the detection of granulocyte-specific NETosis.18 Three
months after TAVI, CitH3 was significantly higher than
baseline levels (baseline, 2.7 ng/mL; range, 1.1-4.2 ng/mL
vs 3-month TAVI, 3.9 ng/mL; range, 1.3-9.7 ng/mL;
P ¼ .025). Similar to the TAVI cohort, MitraClip patients
also had significantly elevated CitH3 serum concentrations
3 months postintervention (baseline, 1.7 ng/mL; range, 1.5-
5.2 ng/mL vs 3-month MitraClip, 2.9 ng/mL; range, 1.5-
7.2 ng/mL; P ¼ .039). These data indicate that TAVI, as
well as MitraClip (to a lower extent) elicit NETosis
in vivo (Figure 2, C and D). There were no differences in
citH3 serum concentrations between bovine and porcine
heart valves for TAVI (Table E4).

Significantly Increased sST2 but Not IL-33 Levels
3 Months After TAVI Implantation
Secretion of sST2 is triggered by the cytokines IL-1a, IL-

1b, and IL-6 and contributes to the proinflammatory phase
of systemic inflammation.19 IL-33 itself can upregulate

TABLE 2. Clinical and echocardiographic data

Variable

TAVI MitraClip*

Baseline >3 mo P value Baseline >3 mo P value

Clinical

NT-proBNP (pg/mL) 1716.0 (916.7, 4764.5) 1091 (760.5, 3388.0) .050 2979.5 (1107.0, 7320.7) 1060.0 (635.0, 2984.0) .314

Creatinine (mg/dL) 1.0 (0.93, 1.6) 1.0 (0.74, 1.3) .008 1.1 (0.95, 1.8) 1.3 (1.0, 2.0) .173

NYHA functional class "III 22 (81.5) 2 (7.2) .001 7 (70) 1 (10) .002

Echocardiographic parameters

LVEF>55% 14 (51.9) 17 (63.0) 4 (40) 4 (40)

LVEF 54%-45% 5 (18.5) 7 (25.9) .033 1 (10) 3 (30) .157

LVEF 44%-30% 4 (14.8) 3 (11.1) 4 (40) 2 (20)

LVEF<30% 4 (14.8) 0 (0) 1 (10) 1 (10)

sPAP (mm Hg) 64.0 (51.2, 78.2) 41.0 (30.0, 51.0) .285

AV PPG 76.0 (65.5, 111.0) 16.5 (12.0, 26.5) .001

AV MPG 45.5 (41.7, 62.5) 9.5 (6.0, 15.0) .001

AV Vmax 4.6 (4.0, 5.5) 1.8 (1.6, 2.2) .018

AVA (cm2) 0.7 (0.6, 0.85) – –

Significant P values were written in boldface. Values are presented as median (25th percentile, 75th percentile) or n (%). TAVI, Transcatheter aortic valve replacement; NT-
proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; LVEF, left ventricular ejection fraction; sPAP, systolic pulmonary artery pressure;
AV, aortic valve; PPG, peak pressure gradient; MPG, mean pressure gradient; Vmax, maximum velocity; AVA, aortic valve area. *Abbott Laboratories, Abbott Park, Ill.

TABLE 3. Serum concentrations of galactose-alpha-1,3-galactose (a-Gal)–specific antibodies in transcatheter aortic valve replacement (TAVI) and

MitraClip (Abbott Laboratories, Abbott Park, Ill) recipients

Antibody

TAVI MitraClip

Baseline >3 mo P value Baseline >3 mo P value

IgG 11.5 (4.6, 14.9) 13.3 (6.4, 15.8) .09 12.7 (7.2, 16.0) 8.0 (5.4, 12.4) .193

IgG1 22.6 (34.7, 34.7) 29.7 (10.8, 48.5) .344 59.6 (34.7, 70.) 58.03 (19.3, 74.5) .556

IgG3 5.3 (3.0, 4.6) 23.1 (6.1, 34.1) .002 21.8 (3.4-46.0) 6.3 (2.3, 20.7) .232

IgG4 6.2 (2.3, 19.0) 6.1 (3.0, 58.0) .279 6.2 (2.3-19.0) 6.1 (3.0, 58.6) .910

IgE 0.51 (0.36, 1.1) 0.56 (0.42, 1.1) .284 1.4 (0.32-7.7) 0.57 (0.27, 2.2) .460

Significant P values were written in boldface. Optical density values are reported as median (25th percentile, 75th percentile). Ig, Immunoglobulin.
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 Conclusion 
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Summary of Part 2 

51 

1 
• TAVI significantly improved left-ventricular function and 

reduced clinical symptoms.  

2 

• TAVI elicits an a-Gal-specific and unspecific  
inflammatory response that may influence BHV 
durability.  

3 

• Therapeutic antithrombotic therapy with either dual 
antiplatelet or anticoagulation in a therapeutic dose is 
important after TAVI and MitraClip 
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 Epilogue 
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What shall we do with procedure  induced 
inflammation of the ECMO circuit?  

Should ECMO devices be reserved for 
selected, unstable patients only ? 
 

Should we take the inflammatory 
trigger of these membranes into 
account ? 
 

Completely stable intraoperative 
conditions. 

Avoiding first lung syndrome 

Controlled reperfusion 



Das Bild kann nicht angezeigt werden. Dieser Computer verfügt 
möglicherweise über zu wenig Arbeitsspeicher, um das Bild zu 
öffnen, oder das Bild ist beschädigt. Starten Sie den Computer 
neu, und öffnen Sie dann erneut die Datei. Wenn weiterhin das 
rote x angezeigt wird, müssen Sie das Bild möglicherweise 54 

What shall we do with device  induced 
inflammation of BHVs?  

BHVs seem to be a life-long inflammatory trigger! 
 

Industrial improvements must be developed 
 

Tolerable in elderly patients reciving TAVR procedures ? 

GT-KO BHVS 


