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ABSTRACT

Objective: Transcatheter aortic valve implantation (TAVI) is rapidly replacing
cardiac surgery due to its minimal invasiveness and practicality. Midterm immuno-
logical studies on the biocompatibility of galactose-alpha-1,3-galactose (a-Gal)–
carrying bioprosthetic heart valves for TAVI are not available. In this study we
investigated whether bioprosthetic heart valves employed for TAVI augment an
a-Gal–specific antibody-dependent and antibody-independent immune response
3 months after TAVI implantation.

Methods: This prospective observational study included 27 patients with severe
aortic valve stenosis undergoing TAVI and 10 patients with severe mitral valve regur-
gitation treated with a transcatheter MitraClip (Abbott Laboratories, Abbott Park,
Ill) procedure. Blood samples were drawn before and 90 days after treatment at a
routine checkup. Serum samples were analyzed using enzyme-linked immunosor-
bent assay. Serum concentrations of a-Gal–specific immunoglobulin (Ig) G, IgG sub-
classes and IgE, complement factor 3a, NETosis-specific citrullinated H3, and the
systemic inflammation markers soluble suppression of tumorigenicity and inter-
leukin 33 were evaluated.

Results: Three months after TAVI, we found significantly increased serum concen-
trations of a-Gal–specific IgG3, complement factor complement factor 3a, citrulli-
nated H3 levels, and soluble suppression of tumorigenicity (P ¼ .002, P ¼ .001,
P ¼ .025, and P ¼ .039, respectively). Sensitization of a-Gal–specific IgE antibodies
occurred in 55% of all patients after TAVI.

Conclusions: Our results indicate that TAVI elicits a midterm, specific humoral im-
mune response against a-Gal and causes an unspecific humoral inflammation
compared with patients undergoing MitraClip implantation. This observation will
lead to a better understanding of postintervention morbidity and the long-term
durability of bioprostheses and indicates that caution is appropriate when designing
implantation strategies for younger patients. (JTCVS Open 2021;6:85-96)
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Significant immune response after transcatheter
aortic valve implantation (TAVI) and MitraClip (Ab-
bott Laboratories, Abbott Park, Ill).Threemonths af-
ter TAVI we found significantly increased serum
concentrations of galactose-alpha-1,3-galactose (a-
Gal-specific IgG3), complement factor 3a (C3a), cit-
rullinated H3 (citH3), and soluble suppression of
tumorigenicity (sST2) levels compared with baseline
levels (P ¼ .002, P ¼ .001, P ¼ .025, and P ¼ .039).
Three months after MitraClip implant, citH3 levels
were significantly elevated compared with baseline
levels (P ¼ .03).
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CENTRAL MESSAGE

Transcatheter aortic valve im-
plantation induces an a-Gal-spe-
cific humoral immune response
and augments the complement
activities NETosis and ST2 within
90 days of valve implantation.
PERSPECTIVE
Next-generation transcatheter aortic valve im-
plantation, deficient for Gal, will show whether im-
mune activity can be dampened with the
potential consequence of increased valve
durability.
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Abbreviations and Acronyms
a-Gal ¼ galactose-alpha-1,3-galactose
BHV ¼ bioprosthetic heart valve
C3a ¼ complement factor 3a
CitH3 ¼ citrullinated H3
DAPI ¼ 40,6-diamidino-2-phenylindole
ELISA ¼ enzyme-linked immunosorbent assay
Ig ¼ immunoglobulin
IL ¼ interleukin
mAb ¼ monoclonal antibody
NET ¼ neutrophil extracellular traps
NT-proBNP ¼ N-terminal pro-brain natriuretic

peptide
sST2 ¼ soluble suppression of

tumorigenicity-2
TAVI ¼ transcatheter aortic valve

implantation
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Video clip is available online.

Transcatheter aortic valve implantations (TAVI) performed
by cardiologists and cardiac surgeons will outnumber con-
ventional cardiac operations in the future due to their min-
imal invasiveness, practicality, and the aging population.1-3

However, midterm immunological studies on the
biocompatibility of galactose-alpha-1,3-galactose (a-Gal)–
carrying bioprosthetic heart valves (BHV) for TAVI have
not been performed so far.

The a-Gal epitope is widely accepted as the major elicitor
in the pathogenesis of immuneactivation after xenotransplan-
tation and implantation of glutaraldehyde-fixed BHVs. The
relationship between tissuea-Gal–specific immune reactivity
and dystrophic calcification, inflammation, and leaflet tearing
in bioprostheses in vivo is widely accepted.4-7

Beside BHV-induced a-Gal–specific antibody-
dependent humoral immune responses, xenografts activate
the classical pathway of the complement system when anti-
bodies bind to antigens such as a-Gal on their surfaces, and
thereby trigger C1q to activate C1r and C2s, cleave C4 and
C2 and form C4b2a (C3 convertase), and activate comple-
ment factor 3a (C3a).8,9

Most recently, another deleterious immune activation pro-
cess in xenotransplantation has gained prominence, namely
the ejection of DNA-histone complexes into the extracellular
space from activated neutrophils to form neutrophil extracel-
lular traps (NETs).10,11 Increased NET formation is well
known in various clinical conditions, including sepsis,
trauma, autoimmune diseases, deep vein thrombosis, athero-
sclerosis, and thrombotic microangiopathy.12,13
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Because multiple nosologies share humoral and cellular
activation pathways, we asked whether TAVI increases
circulating soluble suppression of tumorigenicity-2 (sST2)
and its counterpart interleukin (IL)-33, a known biological
alarmin that would serve as an additional biological marker
for ongoing inflammatory processes.14-16

In this study, we investigated for the first time whether
BHVs employed for TAVI augment an a-Gal–specific hu-
moral immune response of total immunoglobulin (Ig) G,
IgG subclasses, and IgE; activate the complement system
via C3a; induce citrullinated H3 (CitH3) as a marker for
NET formation; and initiate the IL-33/ST2 pathway within
90 days after intervention compared with baseline levels. Pa-
tients receiving a MitraClip (Abbott Laboratories, Abbott
Park, Ill) procedure served as controls (Figure 1 andVideo 1).
METHODS
Ethics Approval

Ethics approval was obtained from the Institutional Ethics Committee

of the Medical University of Vienna (EK 2218/2016) during June 2019.

All experiments were performed in accordance with the approved ethical

guidelines. Written informed consent was obtained from all study

participants.

Study Design and Patients
This work was designed as a prospective, observational, single-center

study. Twenty-seven consecutive patients with severe aortic valve stenosis

and 10 patients with severe mitral valve regurgitation undergoing TAVI or

MitraClip procedures between March and August 2019 at the Department

of Cardiology of the General Hospital Vienna (Medical University of

Vienna) were prospectively analyzed. We excluded pregnant women, pa-

tients who were younger than age 18 years, and patients who did not

give written informed consent. TAVI was performed in a hybrid operating

room under general anesthesia or conscious sedation. Blood samples were

drawn before the procedure and 90 days thereafter at a routine clinical

check-up.

Enzyme-Linked Immunosorbent Assays
Microtiter plates (Maxisorp, Nunc, Denmark) were coated with

Gala1.3-Galb1–4GlcNAc-BSA (Dextra Laboratories, Reading, United

Kingdom). Optimal coating concentrations of each protein were defined

in preliminary experiments. Blocking was carried out using assay buffer

(2.5 g human serum albumin, 500 mL phosphate buffered saline �/�,

250 mL Tween 20). Sera were diluted in phosphate buffered saline with

0.05% Tween-20 and 0.5% human serum albumin as follows: for IgE,

1:2; for IgG, 1:50; and for IgG1, 3, and 4, 1:20. After sample incubation

and washing, the following horseradish peroxidase-conjugated detection

antibodies were added: antihuman IgG-Fc (Sigma-Aldrich Corp, St Louis,

Mo), IgG subclasses (Sigma-Aldrich Corp) and alkaline phosphatase-con-

jugated anti-human IgE (BD Bioscience Pharmingen, San Diego, Calif). A

color reaction was obtained with peroxidase reagent tetramethylbenzidine

(Sigma-Aldrich Corp) and the optical density was read at 450 nm using an

absorbance microplate reader (Infinite F50; Tecan, M€annedorf,
Switzerland).17

A human C3a (BMS2089) enzyme-linked immunosorbent assay

(ELISA) kit (Invitrogen; Camarillo, Calif) was used for the quantitative

detection of C3a following the manufacturer’s instructions. Serum samples

were diluted 1:50000 in assay buffer.

Cayman’s CitH3 (Clone 11D3) ELISA kit (Cayman Chemical, Ann Ar-

bor, Mich) was used to measure citH3 serum concentrations. The
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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

observed after TAVI in C3a, a-Gal-specific IgG3, citH3, and sST2 and MitraClip in citH3. – indicates no significance; þ indicates significance.
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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
JTCVS Open c Volume 6, Number C 87



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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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.
88 JTCVS Open c June 2021
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/

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


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.
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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
TABLE 3. Serum concentrations of galactose-alpha-1,3-galactose (a-Gal)–s

MitraClip (Abbott Laboratories, Abbott Park, Ill) recipients

Antibody

TAVI

Baseline >3 mo P val

IgG 11.5 (4.6, 14.9) 13.3 (6.4, 15.8) .09

IgG1 22.6 (34.7, 34.7) 29.7 (10.8, 48.5) .344

IgG3 5.3 (3.0, 4.6) 23.1 (6.1, 34.1) .002

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

IgE 0.51 (0.36, 1.1) 0.56 (0.42, 1.1) .284

Significant P values were written in boldface. Optical density values are reported as medi
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
pecific antibodies in transcatheter aortic valve replacement (TAVI) and

MitraClip

ue Baseline >3 mo P value

12.7 (7.2, 16.0) 8.0 (5.4, 12.4) .193

59.6 (34.7, 70.) 58.03 (19.3, 74.5) .556

21.8 (3.4-46.0) 6.3 (2.3, 20.7) .232

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

1.4 (0.32-7.7) 0.57 (0.27, 2.2) .460

an (25th percentile, 75th percentile). Ig, Immunoglobulin.
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FIGURE 2. Significantly increased serum concentration of complement factor 3a (C3a), citrullinated H3 (CitH3), and soluble suppression of

tumorigenicity-2 (sST2) 3 months after transcatheter aortic valve implantation (TAVI) compared with baseline levels. A, Three months after TAVI, C3a

serum concentrations were significantly elevated compared to baseline levels. B, C3a serum concentrations did not increase 3 months after MitraClip (Ab-

bott Laboratories, Abbott Park, Ill). C and D, Three months after TAVI andMitraClip, CitH3 serum concentrations were significantly upregulated compared

with baseline levels. E and F, In TAVI patients, but not MitraClip patients, sST2 serum concentrations were significantly higher 3 months after intervention.

For statistical analyses of serum concentrations between baseline levels and 3 months after TAVI or MitraClip the Wilcoxon matched-pairs signed-rank test

was used.
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expression of sST2. Aside from acting as a decoy receptor
for IL-33, sST2 is believed to exhibit its anti-
inflammatory capacity directly via inhibition of Toll-like
receptor signalling, ultimately resulting in the
90 JTCVS Open c June 2021
downregulation of nuclear factor-kappa B in macrophages.
Currently sST2 and IL-33 are emerging as markers of
systemic inflammation with prognostic capacity in many
clinical entities (eg, polytrauma, sepsis, and food
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allergy).14,15,20 Here, TAVI increased sST2 significantly
(baseline, 2.9 ng/mL; range, 2.3-3.4 ng/mL vs 3-month
TAVI, 4.3 ng/mL; range, 2.3-4.7 ng/mL; P ¼ .039)
compared with MitraClip implantation (baseline, 3.7 ng/
mL; range, 2.5-4.9 ng/mL vs 3-month MitraClip, 3.2 ng/
mL; range, 2.5-4.8 ng/mL; P ¼ .09). IL-33 did not increase
3 months after TAVI or MitraClip compared with baseline
levels (baseline, 25.58 pg/mL; range, 14.36-46.15 pg/mL
vs 3-month TAVI, 25.01 pg/mL; range, 18.044-3.36 pg/
mL; P ¼ .728 and baseline, 55.39 pg/mL; range,11.79-
806.0 pg/mL vs 3-month MitraClip, 17.92 pg/mL; range,
10.68-516.7 pg/mL; P ¼ .670). These data show that a-
Gal–bearing biological scaffolds induce a systemic host im-
mune activation relevant to the compensatory anti-
inflammatory response syndrome and allergic immune
response (Figure 2, E and F). There were no differences
in sST2 serum concentrations between bovine and porcine
heart valves for TAVI (Table E4).

Clinical Outcome Data
Within 3 months after intervention 5 TAVI patients were

readmitted to the hospital. Three patients were readmitted
due to postintervention complications: One patient required
vascular surgery of a pseudoaneurysm of the femoral artery
after arterial puncture. Another patient developed a third-
degree atrioventricular block and required a pacemaker
implantation. Another patient was readmitted for gastroin-
testinal bleeding after receiving therapeutic anticoagulant
therapy and aspirin. This patient received additional throm-
boembolic therapy due to atrial fibrillation and a coronary
artery stent. The 2 noncardiology reasons for readmission
were occurrence of a pseudoaneurysm in the left cubital ar-
tery after hemodialysis shunt graft implantation and dys-
pnea in a patient with a bronchial carcinoma. One
MitraClip patient was readmitted for dyspnea. None of all
included patients died within 3 months after TAVI/Mitra-
Clip intervention.

DISCUSSION
Here we demonstrate that TAVI elicits an up-regulation

of a-Gal–specific IgG3 mAbs, activates the complement
system, induces NET formation, and causes increased
sST2/IL-33 cytokine spillage in vivo.

These data provide evidence that a-Gal–bearing medical
devices are an ongoing inflammatory trigger. The link be-
tween a-Gal–specific antibodies and humoral valve
destruction has seemed obvious since 2005, but until
recently, there was mere conjecture by informed surgeons
and allergologists.4,5,21 Hawkins and colleagues22 recently
described 2 patients who underwent implantation of a
BHVand developed a postoperative meat allergy associated
with an a-Gal–specific IgE immune response. Both patients
developed premature degeneration of the bioprosthesis that
necessitated reoperation and implantation of a mechanical
valve in the aortic position.22 This was the first clinical
proof that a-Gal on commercial BHVs and de novo devel-
opment of a-Gal–specific IgE antibodies can lead to bio-
valve degeneration.
Platts Mills, FRS, was among the first allergologists to

propagate the idea that formation of a-Gal–specific IgE is
phenomenologically related to the development of meat al-
lergy.23 Kollmann and colleagues17 extended this insight by
showing that meat allergy is also associated with increased
IgG, IgG1, and IgG3 directed against a-Gal. Relevant to the
above findings is the notion that a-Gal–specific monoclonal
antibodies remain rather stable in healthy humans.24 In this
study, we provide evidence that, similar to surgically im-
planted bioprostheses,4,5 TAVI causes a-Gal–specific
IgG3 production as well as de novo production of a-Gal–
specific IgE. None of our older patients developed the
symptoms described in meat-allergic patients.
The complement system and NETosis are known to

interact reciprocally.18 Opsonized antigens such as a-Gal
are recognized by complement receptors on neutrophils,
which subsequently induce NETosis, whereas neutrophils
activate complement factors, especially the anaphylatoxins
C3a and C5a, which can further alarm the immune system.25

Although our study found an a-Gal–induced enhance-
ment of the complement system and NET formation within
3 months after TAVI, both systems were already known to
be activated in stenotic aortic valves.26 Helske and col-
leagues27 found both elevated anaphylatoxin C3a and C5a
levels and increased anaphylatoxin receptors, in particular
C3a receptor, in stenotic aortic valves in contrast to nonste-
notic valves.27

Implanted foreign bodies comprising biological scaffolds
for TAVI and mechanical devices for MitraClip are both
lifesaving interventions with an increased risk of thrombo-
genicity and bleeding by inducing flow alterations.28 NETs
activate the coagulation cascade directly and stimulate
thrombosis in a platelet-dependent manner.29,30 In our
study, demonstrated enhanced citH3 serum concentrations
in TAVI and MitraClip patients and thereby emphasize the
importance of therapeutic antithrombotic therapy with
either dual antiplatelet therapy with aspirin and a P2Y12 re-
ceptor inhibitors or anticoagulation in a therapeutic dose for
patients after TAVI and MitraClip procedures.31

We also found that, in parallel to the humoral immune
response, sST2 is significantly increased after TAVI implan-
tation in the presence of significantly improved left ventric-
ular function (according to New York Heart Association
functional classification) and lower levels of NT-proBNP.
sST2 is a biomarker of adverse outcomes after myocardial
infarction and heart failure as well as systemic inflamma-
tory conditions.19,32,33 Our data, namely the increased
sST2 levels 3 months after TAVI implantation with concom-
itantly reduced cardiac strain (as determined by lower levels
of NT-proBNP), make it clear that sST2 may serve as a
JTCVS Open c Volume 6, Number C 91
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marker of inflammation rather than heart failure in TAVI
patients.

In 1987, Galili and colleagues34 reported that the a-Gal
epitope is present on cells of all mammals except for hu-
mans and Old World monkeys. However, valve hemody-
namic deterioration was associated with porcine tissue
valve implantation in patients undergoing surgical valve im-
plantation. In our study, we did not find any differences in
cytokine serum concentrations and anti-Gal antibodies be-
tween patients receiving bovine compared with porcine
BHVs for TAVI. We therefore assume that porcine and
bovine biological scaffolds display similar immunogenic
potential. Further studies with higher sample sizes are war-
ranted to evaluate species-specific immune responses eli-
cited by xenogenic implants.

The link between a-Gal–specific inflammation and valve
degeneration was determined through experimental work.
Animal studies reported enhanced tissue calcification in
rats andmice receiving a-Gal–positive xenogenic tissue im-
plantation.35,36 Our study group confirmed in humans short
and midterm degradation of a-Gal–bearing cells of surgical
BHVs through exposure to the human blood circuit. Ex-
planted cells were double fluorescence labeled with IB4
against a-Gal residues and 40,6-diamidino-2-phenylindole
(DAPI) against DNA to stain for nucleated cells. A BHVex-
planted 1 week after implantation contained IB4/DAPI pos-
itive cells within the collagen matrix. In 2 patients, who
underwent reoperation after 12 months, porcine tissue
showed a complete lack of IB4/DAPI positive cells.5

Clinical studies confirmed surgical BHV degeneration
15 years postoperatively in 60% to 70% of all patients
older than age 75 years, whereas 100% of all implanted
BHVs fail within 5 years in patients younger than age
35 years.37,38 Nevertheless, the 2017 Guidelines of the
American Heart Association and the American College
of Cardiology lowered the recommended age limit of
BHV implantation to 50 years due to improved hemody-
namic status, a lower risk of thromboembolic complica-
tions, and the absence of need for lifelong anticoagulant
therapy compared with mechanical heart valves.39 Be-
sides, modern percutaneous valve-in-valve technologies
provide less-invasive alternatives to treat potential BHV
degeneration.40

We are convinced that TAVI will supersede surgical valve
implantation in the future. Based on our data and data pro-
duced by others, currently utilized a-Gal–bearing biolog-
ical scaffolds must be optimized by the commercial
medical device industry. Several promising techniques
have been reported to potentially increase the longevity of
BHVs.41,42 Already in 2013, treatment of BHVs with
a-galactosidase was used to effectively remove a-Gal epi-
topes from both bovine and porcine tissues.35 Naso and col-
leagues43 introduced a preservation technique (ie, FACTA)
that guarantees improved tissue biocompatibility by
92 JTCVS Open c June 2021
inactivating up to 95% of the a-Gal epitopes and thereby
reducing the propensity of BHVs to calcify.

Besides preservation techniques, there is growing interest
in developing Gal-free BHVs from Gal-knockout pigs.
Recently, Rahmani and colleagues44 used Gal-knockout
pigs in engineering BHVs out of porcine pericardial leaflets
with excellent hemodynamic parameters, long-term dura-
bility, and no thrombogenicity in a sheep model. Because
BHVs for TAVImust be flexible, Gal-knockout pericardium
xenografts seem to be favorable BHVs for TAVI to replace
surgical aortic valve replacement in younger and lower-risk
patients. Most recently, promising results of ongoing
research concerning tissue-engineered heart valves for
TAVI based on decellularized matrix in the pulmonary
and aortic tissue were published.45

Our study has several limitations due to the limited sam-
ple size. We compared 2 different pathologies and surgical
interventions: patients with aortic stenosis undergoing
TAVI and patients with severe mitral regurgitation undergo-
ing the MitraClip procedure. Due to the small sample size,
we might have missed important demographic and immu-
nological differences between groups. Further, we did not
include patients after surgical aortic valve replacement as
a control group. We could only draw our conclusions on
similarities in the inflammatory response after surgical
aortic valve replacement and TAVI patients due to prior
research of our study group.4,5 Further, according to the cur-
rent guidelines and institutional standards of the TAVI pro-
cedure, the median age of our study cohort was 78 years.We
therefore cannot draw conclusions on systemic inflamma-
tory responses in younger patients. In addition, determining
immunological changes after prolonged follow-up periods
might help to reveal whether these inflammatory changes
will persist and have any effects on clinical outcomes and
valve durability.
CONCLUSIONS
TAVI significantly improved left-ventricular function

and reduced clinical symptoms in patients within 3 months
after intervention. We present evidence that TAVI implanta-
tion elicits an a-Gal-specific and unspecific humoral sys-
temic inflammation that may influence BHV durability.
We believe that the medical community should be
cautioned against the uncritical lowering of age limits in re-
cipients of a-Gal–bearing TAVI devices.46
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TABLE E1. Implanted medical devices for transcatheter aortic valve

implantation and MitraClip (Abbott Laboratories, Abbott Park, Ill)

Device n Bovine/porcine

Transcatheter heart valves

Edwards, Sapien 3 Ulta transcatheter aortic

valve

10 Bovine

Medtronic, CoreValve Evolut PRO

transcatheter aortic valve

4 Porcine

Boston Scientific, ACURATE neo Aortic

Valve

8 Porcine

Abbott, Portico valve 1 Porcine

St Jude Medical, Portico valve 4 Porcine

MitraClip devices

Edwards, PASCAL transcatheter valve

repair system

2

Abbott, MitraClip XTR Clip Delivery

System

5

Abbott, MitraClip NTR Clip Delivery

System

3

TABLE E2. Baseline inflammatory conditions in patients with

hyperlipidemia and adult-onset diabetes mellitus

Hyperlipidemia Yes No P value

IgG (OD) 11.6 (3.2, 14.9) 11.7 (5.1, 15.8) .710

IgG1 (OD) 27.3 (8.5, 70.6) 38.2 (15.1, 70.8) .477

IgG3 (OD) 2.3 (2.0, 6.8) 2.0 (1.7, 4.8) .115

IgE (OD) 0.5 (0.4, 2.0) 0.9 (0.3, 1.6) .988

sST2 (ng/mL) 2.8 (2.2, 3.5) 3.4 (2.6, 4.3) .414

c3a (mg/mL) 12.1 (3.1, 30.5) 10.5 (3.8, 53.7) .496

citH3 (ng/m) 2.8 (1.4, 6.2) 2.8 (1.1, 4.2) .567

Adult-onset

diabetes

mellitus

IgG (OD) 12.6 (6.6, 14.8) 11.7 (4.6, 15.6) .832

IgG1 (OD) 33.7 (19.3, 70.6) 38.2 (2.9, 70.7) .564

IgG3 (OD) 2.1 (1.8, 3.9) 2.4 (1.8, 6.4) .496

IgE (OD) 0.6 (0.4, 1.7) 0.5 (0.3, 1.8) .564

sST2 (ng/mL) 3.2 (2.6, 4.4) 2.7 (0.0, 3.5) .330

c3a (mg/mL) 12.1, (4.3, 53.7) 10.5 (3.2, 34.3) .523

citH3 (ng/mL) 2.8 (1.3, 6.7) 2.8 (1.4, 5.1) .542

Values are reported as median (25th percentile, 75th percentile). Ig, Immunoglobulin;

OD, optical density; sST2, soluble suppression of tumorigenicity-2; c3a, complement

factor 3a; citH3, citrullinated H3.
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TABLEE3. Fold increase of serum cytokine levels and galactose-alpha-1,3-galactose–specific antibodies in patients with hyperlipidemia and adult-

onset diabetes mellitus

Hyperlipidemia Yes No P value

IgG 1.7 (�19.5, 56.9) �3.1 (�22.5, 19.9) .386

IgG1 �8.1 (�52.1,16.7) �1.5 (�48.6, 30.5) 1.000

IgG3 40.0 (�13.2, 92.5) 13.5 (�3.5, 47.7) .496

IgE 16.0 (�34.1, 63.7) �2.0 (�17.6, 72.7) .781

sST2 25.3 (�20.5, 74.2) �1.9 (�28.5, 38.6) .224

c3a 29.3 (�66.0, 62.0) 3.4 (�16.0, 48.5) .926

citH3 20.6 (�17.9, 61.8) 11.4 (�17.0, 68.1) .710

Adult-onset diabetes mellitus

IgG 5.1 (�20.6, 52.4) �3.5 (�22.2, 20.8) .564

IgG1 0.0 (�36.9, 10.9) �11.4 (�49.9, 47.0) .801

IgG3 51.0 (�3.9, 155.0) 13.5 (�17.9, 47.7) .145

IgE 30.3 (�17.1, 30.3) �2.0 (�61.3, 39.2) .083

sST2 26.1 (�24.8, 48.9) �3.5 (�22.2, 20.8) .704

c3a 20.4 (�57.6, 52.1) 3.4 (�21.0, 63.4) 1.000

citH3 33.9 (�12.8, 72.1) 11.4 (�19.7, 40.0) .391

Values are reported as median (25th percentile, 75th percentile). Ig, Immunoglobulin;OD, optical density; sST2, soluble suppression of tumorigenicity-2; c3a, complement factor

3a; citH3, citrullinated H3.

TABLE E4. Differences in cytokine serum concentrations and

galactose-alpha-1,3-galactose–specific antibodies between bovine and

porcine heart valves for TAVI

Variable Bovine Porcine P value

IgG 8.3 (�3.8 to 141.8) 1.4 (�20.6 to 53.9) .315

IgG1 �5.6 (�40.6 to 46.1) 3.1 (�98.1 to 65.1) .953

IgG3 43.5 (�11.2 to 101.8) 37.5 (�1.6 to 156.7) .841

IgE �3.5 (�58.6 to 84.3) 3.1 (�98.1 to 65.1) .514

sST2 19.7 (�12.8 to 32.7) 21.2 (�17.2 to 35.2) .777

c3a �9.5 (�12.8 to 52.7) 45.5 (10.0 to 67.3) .056

citH3 �0.4 (�65.7 to �33.7) 11.1 (�14.1 to 74.0) .176

Values are reported as median (interquartile range). Ig, Immunoglobulin; sST2, solu-

ble suppression of tumorigenicity-2; c3a, complement factor 3a; citH3, citrullinated

H3.
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