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Abstract

Aims Systemic inflammatory response, identified by increased total leucocyte counts, was shown to be a strong predictor of
mortality after transcatheter aortic valve implantation (TAVI). Yet the mechanisms of inflammation-associated poor outcome
after TAVI are unclear. Therefore, the present study aimed at investigating individual inflammatory signatures and functional
heterogeneity of circulating myeloid and T-lymphocyte subsets and their impact on 1 year survival in a single-centre cohort of
patients with severe aortic stenosis undergoing TAVI.

Methods and results One hundred twenty-nine consecutive patients with severe symptomatic aortic stenosis admitted for
transfemoral TAVI were included. Blood samples were obtained at baseline, immediately after, and 24 h and 3 days after TAVI,
and these were analysed for inflammatory and cardiac biomarkers. Myeloid and T-lymphocyte subsets were measured using
flow cytometry. The inflammatory parameters were first analysed as continuous variables; and in case of association with out-
come and area under receiver operating characteristic (ROC) curve (AUC) > 0.6, the values were dichotomized using optimal
cut-off points. Several baseline inflammatory parameters, including high-sensitivity C-reactive protein (hsCRP; HR = 1.37, 95%
Cl: 1.15-1.63; P < 0.0001) and IL-6 (HR = 1.02, 95% Cl: 1.01-1.03; P = 0.003), lower counts of Th2 (HR = 0.95, 95% Cl: 0.91-0.99;
P =0.009), and increased percentages of Th17 cells (HR = 1.19, 95% Cl: 1.02—-1.38; P = 0.024) were associated with 12 month
all-cause mortality. Among postprocedural parameters, only increased post-TAVI counts of non-classical monocytes immedi-
ately after TAVI were predictive of outcome (HR = 1.03, 95% Cl: 1.01-1.05; P = 0.003). The occurrence of SIRS criteria within
48 h post-TAVI showed no significant association with 12 month mortality (HR = 0.57, 95% Cl: 0.13-2.43, P = 0.45). In multivar-
iate analysis of discrete or dichotomized clinical and inflammatory variables, the presence of diabetes mellitus (HR = 3.50; 95%
Cl: 1.42-8.62; P = 0.006), low left ventricular (LV) ejection fraction (HR = 3.16; 95% Cl: 1.35-7.39; P = 0.008), increased baseline
hsCRP (HR = 5.22; 95% Cl: 2.09-13.01; P < 0.0001), and low baseline Th2 cell counts (HR = 8.83; 95% CI: 3.02-25.80) were
significant predictors of death. The prognostic value of the linear prediction score calculated of these parameters was superior
to the Society of Thoracic Surgeons score (AUC: 0.88; 95% Cl: 0.78—0.99 vs. 0.75; 95% Cl: 0.64—0.86, respectively; P = 0.036).
Finally, when analysing LV remodelling outcomes, ROC curve analysis revealed that low numbers of Tregs (P = 0.017; AUC:
0.69) and increased Th17/Treg ratio (P = 0.012; AUC: 0.70) were predictive of adverse remodelling after TAVI.

Conclusions Our findings demonstrate an association of specific pre-existing inflammatory phenotypes with increased mor-
tality and adverse LV remodelling after TAVI. Distinct monocyte and T-cell signatures might provide additive biomarkers to im-
prove pre-procedural risk stratification in patients referred to TAVI for severe aortic stenosis.
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Introduction

During the recent decade, transcatheter aortic valve implan-
tation (TAVI) has become a standard treatment option in
the management of patients with severe aortic stenosis and
higher risk for cardiac surgery.! Improvements of the proce-
dure and advancements in the valve design, as well as in-
creased clinical experience, have led to a dramatic reduction
in complication rates. Outcome data from the PARTNER 2A
and SURTAVI trials have established evidence for TAVI in in-
termediate risk patients.>* More recent trials, Partner 3 and
Evolut Low Risk, show non-inferiority (Evolut Low Risk) and
even superiority (Partner 3) of TAVI compared with surgical
aortic valve replacement in low-risk populations as well.*>
Previous work reported that approximately one-third of
patients undergoing TAVI developed an acute inflammatory
response within 48 h of the procedure in the absence of clin-
ical infection.® This so-called systemic inflammatory response
syndrome (SIRS) is characterized by leucocytosis, hyperventi-
lation, tachycardia, fever, or hypothermia and is associated
with significantly elevated levels of inflammatory cytokines
(such as IL-6 or IL-8) and C-reactive protein. The occurrence
of SIRS was shown to be a strong predictor of mortality in pa-
tients undergoing TAVL.”® Given the rather non-specific na-
ture of SIRS criteria and their limited applicability in the
modern era of TAVI, with its significant reduction in
postprocedural complications and steadily decreasing dura-
tion of hospital stay, there is a clinical need to establish novel
prognostic inflammatory markers in order to improve risk
stratification of patients. Circulating cells of the mononuclear
phagocyte system and T lymphocytes (T cells) play key func-
tions in the genesis and resolution of the immune response.
In humans, the monocyte pool comprises three subsets (clas-
sical, intermediate, and non-classical), which are character-
ized based on the expression of cluster of differentiation
(CD)14 (lipopolysaccharide receptor) and CD16 (Fc receptor).
Classical monocyte are defined by CD14**CD16~ and are crit-
ical for the initiation of the inflammatory response, by exe-
cuting phagocytosis, secretion of various pro-inflammatory
cytokines, and recruitment of other immune cells to the sites
of inflammation.® Intermediate and non-classical monocytes
are characterized by expression of CD14""CD16" and CD14-
dimCD16++ raspectively, and have reduced phagocytic activity,
reduced production of reactive oxygen species, and lower
levels of CCR2 (C-C chemokine receptor type 2) expression.
Although non-classical patrolling monocytes seem to be in-
volved primarily in promoting the resolution of inflammation,
studies have shown that this monocyte subset can also con-
tribute to the pathogenesis of disease.'® T cells also comprise
a heterogeneous family of immune cell including

pro-inflammatory T helper (Th)1 cells, which produce inter-
feron (IFN)-y and interleukin (IL)-2, and Th17 cells, which se-
crete IL-17. Th2 cells play a crucial role in the negative
regulation of immune responses, whereas regulatory T cells
(Tregs) are positive and negative cell function modulators
that maintain immune tolerance and a dynamic equilibrium
in ongoing inflammatory processes.'**?

Altered distributions of monocyte subsets are associated
with various cardiovascular diseases such as coronary artery
disease, stroke, and atrial fibrillation>~%°; and levels of circu-
lating intermediate monocytes were shown to decline after
TAVI.'® However, the influence of monocyte and T-cell sub-
sets on prognosis of TAVI patients is unclear.

Therefore, the present study aimed at investigating indi-
vidual inflammatory signatures and functional heterogeneity
of circulating myeloid and T-cell subsets and their impact on
1 year survival in a single-centre cohort of patients with se-
vere aortic stenosis undergoing TAVI.

Methods

See Supplemental Methods for detailed information.

Patients

From September 2016 to March 2018, 129 consecutive pa-
tients with severe, symptomatic aortic stenosis were included
into the study. None of the patients were affected by neo-
plastic, autoimmune, or chronic infectious disease. All sub-
jects with recent infections were also excluded. Follow-up
was performed by telephone calls (patient, relatives, and
physicians) or directly by a follow-up appointment in our car-
diology outpatient clinic. Written informed consent was ob-
tained from all patients. Ethical approval was obtained from
the Goethe University Ethics Service Committee (REC ref.
38/11). The study was conducted according to the principles
set out in the Declaration of Helsinki.

Laboratory measurements

Peripheral venous whole blood samples were obtained
pre-procedurally (pre-TAVI), directly after the intervention
(post-TAVI), and after 24 h and 3 days post-TAVI. Standard in-
flammatory parameters, including total leucocyte counts and
high-sensitivity C-reactive protein, were analysed at all time
points. Serum levels of IL-6, high-sensitivity troponin T,
N-terminal pro-brain natriuretic peptide, serum albumin,
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and renal function parameters, were assessed at baseline in
all patients.

Enumeration of immune cell subsets

Differential myeloid and T-cell subsets (Th1, Th2, Th9, Th17,
Th1/Th17, Th22, and Tregs) were enumerated using multipa-
rameter flow cytometry assays. Please see Tables S1-S4 for
further details.

Serum cytokine measurements

Cytokine concentrations were measured from baseline serum
samples (collected before TAVI) available in 80 patients using
a flow-bead-based multiplex assay.

Statistical methods

Categorical variables are presented as number and percent-
age and continuous variables as median and inter-quartile
range (IQR). Comparisons between categorical variables were
performed using )(2 or Fisher exact test. Continuous variables
were compared using non-parametric Mann—-Whitney U test
or Kruskal-Wallis H with Dunn’s multiple comparison test
for independent groups and paired Wilcoxon test or
Friedman’s test for related groups. The correlation between
continuous variables was tested using Spearman rank coeffi-
cients. Non-parametric tests were used owing to small sam-
ple size of the study.

To test the predictive performance of continuous vari-
ables the area under the curve (AUC) was calculated from
the receiver operating characteristic (ROC) curve. When
ROC AUC was >0.6, the parameters were dichotomized
using the optimal cut-off point as defined by Youden index.
The hazard ratio of variables was analysed in two steps. Af-
ter univariate Cox regression was performed, the variables
associated with outcome were included in multivariate
model performed by backward stepwise approach based
on the Wald statistics. Because Society of Thoracic Surgeons
(STS) score comprises multiple clinical variables (https://
www.sts.org/resources/risk-calculator), it was excluded from
the multivariate analysis. Based on the multivariate analysis,
a linear predictor score (the sum of the product of
mean-centred covariate values and their corresponding pa-
rameter estimates for each case) was also calculated. Finally,
ROC curve calculated for linear predictor score was com-
pared with ROC curve calculated for STS score by Delong
test. A P-value of <0.05 was considered significant. Statisti-
cal analyses were performed using IBM SPSS Statistics (ver-
sion 26) and GraphPad Prism (Version 7).

Gradient boosted trees algorithm in the
prediction of mortality after transcatheter aortic
valve implantation

For gradient boosted trees model using the XGboost imple-
mentation, we applied a similar approach as previously de-
scribed by us, which involved applications of machine
learning (ML) methods in predicting the outcomes of acute
coronary syndrome and balloon cryoablation of pulmonary
veins.t771?

Results
Baseline and procedural characteristics

One hundred twenty-nine consecutive patients (58.9% male,
median age 83 [IQR 79-86] years) with severe, symptomatic
aortic stenosis (mean transaortic pressure gradient, Pmean
44 [IQR 30-53] mmHg), and high or prohibitive operative risk
(EuroSCORE Il of 3.3 [IQR 2.3-6.0]% and STS score of 3.4 [IQR
2.4-5.0]%) were included into this prospective, observational,
cohort study. TAVI was performed using various new genera-
tion prostheses including Portico valve (Abbott, n = 66), Sa-
pien 3 and Sapien XT valve (Edwards Lifesciences, n = 17
and n = 1, respectively), Evolut R valve (Medtronic, n = 14),
and AcurateNeo Symetis valve (Boston Scientific, n = 31).
Baseline clinical characteristics of the study population are
summarized in Table 1. Baseline absolute cell counts of mye-
loid and T-cell subsets for total study population are summa-
rized in Table S5.

Postprocedural kinetics of myeloid and T-cell
subsets

Polymorphonuclear neutrophil (4562 [IQR 3588-6181] vs.
2669 [IQR 2030-3416] cells/uL, P < 0.001 vs. BL, Figures 1
and S7) as well as classical (272 [IQR 199-346] vs. 177 [IQR
145-245]) and intermediate monocyte counts (28 [IQR 19—
44] vs. 15 [IQR 9-25]) were significantly elevated at 24 h
(both P < 0.0001 vs. BL), whereas non-classical monocytosis
developed 3 days after TAVI (P < 0.05 vs. BL, Figures 2A-C
and S7). Among CD4" T-cell subsets, the percentage of Tregs
among CD4" T cells (8.2% [IQR 6.4-9.7] vs. 6.9% [IQR 5.4—
8.2]) and Th17 cells (5.9% [IQR 4.4-8.0] vs. 5.3% [IQR 4.0—
6.8]) significantly increased (both P < 0.0001 at 24 h vs. BL)
after valve implantation (Figures 3B and C and S2). These
changes seemed not to depend on the valve type (balloon-ex-
pandable vs. self-expandable, Figure S3), and no significant
effects of predilatation were observed (P > 0.05 for all cell
subtypes, data not shown). However, the study was not
powered to examine these differences.
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Table 1 Baseline clinical characteristics and comparison of the 12 month survival groups

Total cohort (n = 129) Survivors (n = 103) Non-survivors (n = 26) P-value

Age (years) 83 [IQR 79-86] 83 [IQR 79-86] 82.5 [IQR 78-85] 0.93
Male gender, n (%) 76 (58.9) 61 (59.2) 15 (57.7) 1.0
Body mass index (kg/mz) 27.0 [IQR 24.4-30.3] 27.4[IQR 24.8-31.1] 26.7 [IQR 23.3-29.3] 0.24
Frailty, n (%) 81 (62.8) 60 (58.3) 21 (80.8) 0.04
Advanced CKD (eGFR < 60), n (%) 79 (61.2) 59 (57.3) 20 (76.9) 0.11
Carotid artery disease, n (%) 27 (20.9) 18 (17.5) 9 (34.6) 0.06
Peripheral artery disease, n (%) 18 (14) 14 (13.6) 4 (15.4) 0.76
Previous cardiac surgery 18 (14) 13(12.6) 5(19.2) 0.36
Coronary artery disease (CAD)

One-vessel CAD, n (%) 35 (27.1) 30 (29.1) 5(19.2) 0.037

Two-vessel CAD, n (%) 16 (12.4) 15 (14.6) 1(3.9)

Three-vessel CAD, n (%) 29 (22.5) 18 (17.5) 11 (42.3)
Previous M, n (%) 15 (11.6) 10 (9.7) 5(19.2) 0.18
Previous PCl, n (%) 58 (45) 43 (41.8) 15 (57.7) 0.19
Previous stroke, n (%) 19 (14.7) 16 (15.5) 3(11.5) 0.76
Porcelain aorta, n (%) 18 (14) 13 (12.6) 5(19.2) 0.36
COPD, n (%) 18 (14) 12 (11.7) 6 (23.1) 0.20
Diabetes, n (%) 48 (37.2) 33 (32.0) 15 (57.7) 0.023
Hypertension, n (%) 121 (93.8) 97 (94.2) 24 (92.3) 0.66
Left ventricular EF (%) 60 [IQR 45-60] 60 [IQR 55-65] 47.5 [IQR 35-60] 0.007
EuroSCORE I 3.31 [IQR 2.31-6.04] 3.13 [IQR 2.25-5.99] 4.81 [IQR 3.30-13.58] 0.001
STS score 3.41 [IQR 2.45-4.94] 3.40 [IQR 2.32-4.50] 4.88 [IQR 3.14-6.04] <0.001

CAD, coronary artery disease; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular fil-
tration rate (mL/min/1.73 m?); MI, myocardial infarction; PCl, percutaneous coronary intervention.

Baseline T-cell subsets and postprocedural
non-classical monocytes and are associated with
1 year mortality after transcatheter aortic valve
implantation

Overall mortality was 3.1% at 30 days, 8.5% at 6 months, and
20.5% at 12 months’ follow-up. The clinical characteristics of
survivors and non-survivors are summarized in Table 1 (for
age-tertile statistics, please see Tables S6-S8). In-hospital
complications after TAVI as reported using Valve Academic
Research Consortium (VARC)-2 criteria®® and its association
with 30 day mortality are presented in Table 2. Whereas
the occurrence of major vascular complications was associ-
ated with 30 day mortality (Table 2), none of the VARC-2-
defined major complications was significantly associated with
subsequent mortality (12 months) after TAVI (data not
shown). SIRS criteria (as defined in Supplemental Methods)
were met in 13.8% of the population, and this was not asso-
ciated with 12 month mortality (HR = 0.57, 95% Cl: 0.13-2.43,
P = 0.45).

Univariate analysis of inflammatory parameters showed
that several baseline inflammatory parameters were associ-
ated with 12 month mortality after TAVI. Here, increased
pre-procedural levels of high-sensitivity C-reactive protein
(hsCRP) and IL-6, higher Granulocyte-to-Lymphocyte ratio,
lower concentration of circulating Th2 cells, as well as in-
creased percentages of Th17 cells, and higher percentage of
Treg cells were predictive of outcome. Among postprocedural
parameters, only elevated post-TAVI counts of non-classical

monocytes proved to be associated with 12 month all-cause
mortality (Table 3). In order to assess medium-term clinical
outcome following TAVI, patients dying within the first 30
days after the procedure were excluded to avoid potential
confounding effects of intra-TAVI or early post-TAVI compli-
cations leading to death. Hereafter, univariate analysis
showed that among inflammatory parameters, increased
baseline levels of hsCRP (HR = 1.52, 95% ClI: 1.22-1.89;
P < 0.0001) and IL-6 (HR = 1.02, 95% ClI: 1.01-1.03;
P = 0.001), lower pre-procedural Th2 counts (HR = 0.95,
95% Cl: 0.91-0.99; P = 0.02), and increased non-classical
monocytes post-TAVI (HR = 1.04, 95% Cl: 1.01-1.08;
P = 0.005) were still predictive of 12 month all course
mortality.

Machine learning algorithm identifies
inflammatory T-cell phenotypes among the
strongest predictors of mortality after
transcatheter aortic valve implantation

In order to gain a better understanding of the factors
influencing the 12 month mortality after TAVI, we further
used ML methods. The advantage of such an approach is that
no assumptions are made about the model (e.g. about its lin-
earity) or the data (e.g. distribution). Instead, the model is de-
signed to adapt to existing data by gradually improving its
ability to make the correct prediction during the learning pro-
cess. We applied a gradient boosted trees model using the
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Figure 1 Intraindividual time courses in circulating leucocyte subset counts. (A—C) Major leucocyte subsets of (A) neutrophils, (B) eosinophils, and (C)
lymphocytes. (D—F) Kinetics of T-cell counts including (D) total T cells, (E) CD4" T cells, and (F) CD8" T cells. Subset counts are shown as percentage
change (median) during the prespecified time points after transcatheter aortic valve implantation (TAVI), with the baseline value (pre-TAVI) set to

0% (Friedman test, with Dunn’s multiple-comparisons test).
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XGboost implementation.?* This type of ML algorithm is an
ensemble of decision trees that is also capable of providing
the feature importance scores, which measure how much
each feature contributed to the overall correctness of predic-
tions in the validation dataset (Figure S4A). The XGboost algo-
rithm achieved an AUC of 0.66 + 0.1. Figure S4B shows the
shapes of all the ROC curves for classification of the test set
for each random data split. Feature importance scores were
calculated for each data split, and then the importance scores
for each feature were averaged. While STS score and frailty
had the strongest influence on the correct decisions of
machine-learned algorithm, inflammatory response markers,
including pre-TAVI levels of Th17 CD4" T cells and Th2 cell fre-
guencies, were classified among the most important factors.
Top features were sorted according to their impact on the
model and presented in the form of a bar plot (Figure S4C).
Exclusion of patients who died within 30 days after TAVI did
not significantly affect the ML results (Figure S5).

Inflammatory linear prediction score improve
outcome assessment in transcatheter aortic valve
implantation patients

To further investigate the prognostic performance of in-
flammatory parameters for outcome prediction after TAVI,
we performed analysis of dichotomized parameters (Table
4 and Figure 4A). Here, the presence of diabetes mellitus
(DM), low left ventricular ejection fraction (<50%),
increased baseline serum hsCRP (above the calculated
cut-off of 0.52 mg/dL), and lower baseline Th2 cell counts
(below the calculated cut-off of 24.3 cells/uL) were
multivariate predictors of death. Moreover, the prognostic
value of the linear predictor score of these parameters
was superior to STS score (AUC: 0.88; 95% Cl: 0.78-0.99
vs. 0.75; 95% Cl: 0.64-0.86, respectively; P = 0.036,
Figure 4B).
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Figure 2 Intraindividual time courses in circulating monocyte subset counts. (A) Representative flow cytometry plots showing changes in monocyte
subset distribution after transcatheter aortic valve implantation (TAVI). (B) Kinetics of monocyte counts including total monocytes, classical, interme-
diate, and non-classical monocytes. Subset counts are shown as percentage change (median) during the prespecified time points after TAVI, with the
baseline value (pre-TAVI) set to 0% (Friedman test, with Dunn’s multiple-comparisons test).
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Preserved Th2-cell counts improve prognosis of
diabetic patients undergoing transcatheter aortic
valve implantation

Because previous studies have shown that the presence of
DM is associated with poorer outcome after TAVI,22 we fur-
ther proved if the identified inflammatory phenotypes specif-
ically impact the prognosis of diabetic patients in our cohort.

Whereas presence of DM was associated with higher mortal-
ity in our cohort [15/48 (31%) for DM vs. 11/81 (14%) for
non-DM, P = 0.019], there were no significant differences in
the baseline counts of inflammatory cell subsets between di-
abetic and non-diabetic patients (data not shown). However,
the survival rate in patients with DM and Th2 cell counts
higher than or equal to the calculated optimal cut-off of
24.3 cells/uL was comparable with that of patients without
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Figure 3 Intraindividual time courses in circulating CD4" T-cell subset counts. (A) CD4" effector T-cell subset flow gating strategy and
immunophenotyped legend (box). (B) Kinetics of CD4" effector T-cell counts including Th1, Th2, Thg, TH17, Th17/Th1, and Th22 cells. (C) Gating strategy
and representative flow plots showing changes in CD4" T regulatory cells after transcatheter aortic valve implantation (TAVI). (D) Kinetics of Treg
counts following TAVI. Subset counts are shown as percentage change (median) during the prespecified time points after TAVI, with the baseline value
(pre-TAVI) set to 0% (Friedman test, with Dunn’s multiple-comparisons test).
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DM [25/28 (89%) vs. 36/38 (95%), P = 0.453]. In contrast, di-
abetic patients with reduced Th2 cells (<24.3 cells/uL) were
less likely to survive [10/15 (67%) vs. 8/34 (24%), P = 0.003,
patients with DM and without, respectively] (Figure 4C). In-
terestingly, elevated hsCRP levels did not significantly affect
survival of diabetic patients (Figure 4D). These results exem-
plify a risk-modulatory impact of T-cell immunity in patients
with severe degenerative aortic stenosis.

Pro-inflammatory T-cell polarization predicts
adverse left ventricular remodelling after
transcatheter aortic valve implantation

Finally, we tested the hypothesis that inflammatory processes
are associated with different patterns of cardiac remodelling
observed after TAVI. For this, post-TAVI left ventricular

remodelling patterns were categorized into four groups, ac-
cording to changes in left ventricular mass index (LVMi) and
relative wall thickness (RWT) after valve replacement. Re-
verse remodelling (Group 1) was defined as normalization

Table 2 Intra-hospital complications and their association with
30 day mortality

n =129
Intra-hospital complication n % 30 day mortality % P-value
Pacemaker 24 19 0 0
Stroke 4 3 1 25 0.120
Myocardial infarction 00 0
Cardiac tamponade 0 0 0
Major vascular complication 9 7 2 22.2 0.024
Major bleeding 6 5 1 16.7 0.175
Total 30 day mortality 4 3.1
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Table 3 Inflammatory predictors of 12 month mortality (univariate analysis)

Univariate HR (95% Cl) P-value
hsCRP pre-TAVI 1.37 (1.151-1.631) 0.000
IL-6 pre-TAVI 1.017 (1.006-1.028) 0.003
Non-class monocytes (counts) post-TAVI 1.030 (1.010-1.050) 0.003
Th2 (counts) pre-TAVI 0.948 (0.912-0.987) 0.009
Treg (% CD4™ T cells) pre-TAVI 1.179 (1.025-1.357) 0.021
Gran/lymph ratio pre-TAVI 1.147 (1.019-1.292) 0.023
Th17 (% CD4™ T cells) pre-TAVI 1.189 (1.023-1.382) 0.024
Intermediate monocytes (count) pre-TAVI® 1.028 (0.997-1.060) 0.081
Intermediate monocytes (count) post-TAVI® 1.027 (0.995-1.059) 0.094
Classical monocytes (count) pre-TAVI® 1.001 (0.998-1.004) 0.514
Classical monocytes (count) post-TAVI® 1.002 (0.999-1.005) 0.286
“The hazard ratios of intermediate and classical monocytes shown for comparison of prognostic impact.
Table 4 Univariate and multivariate analysis of dichotomized 12 month mortality predictors
Univariate Multivariate

HR (95% Cl) P-value HR (95% Cl) P-value
Diabetes 2.463 (1.130-5.369) 0.023 3.499 (1.420-8.623) 0.006
Low LVEF (<50%) 3.406 (1.574-7.367) 0.002 3.155 (1.347-7.393) 0.008
Anaemia (Hb < 11 g/dL) 5.732 (2.405-13.661) <0.001
NT-proBNP > 2430 pg/dL 5.186 (2.176-12.359) <0.001
hsCRP > 0.52 mg/dL 3.491 (1.554-7.841) 0.002 5.217 (2.091-13.012) <0.001
IL-6 > 8.95 pg/dL 3.075 (1.412-6.696) 0.005
Th17 > 4.9 (% CD4™ T cells) 3.237 (1.115-9.397) 0.031
Th2 < 24.3 cells/uL 5.825 (2.159-15.716) 0.001 8.828 (3.021-25.800) <0.001

LVEF, left ventricular ejection fraction.

of ventricular geometry with respect to decrease of both
LVMi and RWT. Partial adverse ventricular remodelling was
defined as an increase in LVMi and decrease in RWT (Group
2) or increase in RWT and decrease in LVMi (Group 3), and
complete adverse remodelling was defined as an increase in
both parameters (Group 4). ROC curve analysis revealed that
among all tested baseline inflammatory parameters, low
numbers of Tregs (P = 0.017; AUC: 0.69) and increased
TH17/Treg ratio (P = 0.012; AUC: 0.70) were predictive of ad-
verse (unfavourable) remodelling (Figure 5). These results re-
veal another pathophysiological link between pre-existing
pro-inflammatory T-cell polarization and the outcome of pa-
tients undergoing TAVI.

Discussion

This is the first in-depth study to investigate inflammatory cell
signatures and their impact on survival in patients with se-
vere degenerative aortic stenosis undergoing TAVI. Specifi-
cally, we show that higher baseline serum levels of hsCRP
and IL-6 and an immediate postprocedural increase in circu-
lating non-classical monocyte counts were associated with
all-cause mortality. Among the T-cell subsets studied, lower

baseline concentrations of circulating Th2 cells and increased
levels of pro-inflammatory Th17 cells were associated with
reduced survival. These data were supported by unbiased
ML approaches showing that next to STS score and frailty,
higher proportion of Th17 cell and decreased counts of Th2
cells have the strongest influence on the correct decision. In
addition, we show that a reduction in protective Th2 lympho-
cytes can deteriorate prognosis, especially in patients with
concomitant diabetes, whereas preserved Th2 immunity
may beneficially influence the outcome in this group. Thus,
our results not only provide new insights into immunopathol-
ogy of advanced degenerative aortic valve stenosis but also
outline the feasibility of the adaptive immune status as a
novel additive tool for pre-procedural patient assessment.

Postprocedural non-classical monocytes predict
prognosis after transcatheter aortic valve
implantation

The precise pathomechanism of how specific monocyte sub-
sets impact the prognosis in an elderly patient population
with degenerative aortic stenosis remains speculative. Previ-
ous studies suggested that baseline levels of circulating inter-
mediate monocytes are associated with worsening heart
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Figure 4 Inflammatory predictors of 12 month mortality after transcatheter aortic valve implantation (TAVI). (A) Circos plots showing significant pre-
dictors of 12 month mortality (univariate analysis of dichotomized parameters). (B) The composite (linear predictor score) of diabetes, low left ventric-
ular ejection fraction (LVEF), increased C-reactive protein (calculated optimal cut-off 0.052 mg/dL), and decreased circulating Th2 cells (calculated cut-
off: 24.3 cells/uL) provided significantly higher area under receiver operating characteristic (ROC) curve (AUC) when compared with traditional Society
of Thoracic Surgeons (STS) score. (C) Survival rate in patients with diabetes mellitus (DM) and preserved Th2 cell counts (higher than or equal to the
calculated optimal cut-off of 24.3 cells/uL) was comparable with that of patients without DM, whereas diabetic patients with reduced Th2 cells
(<24.3 cells/pL) showed significantly higher mortality within 12 months after TAVI. (D) Serum levels of high-sensitivity C-reactive protein (hsCRP)

did not show any significant impact on the prognosis of patients with DM.
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function in TAVI patients.” In our study, the baseline counts
of intermediate monocytes showed a trend to be predictive
of 12 month mortality (Table 3). However, the increase in
non-classical monocytes post-TAVI showed the strongest as-
sociation with poor prognosis. Both non-classical and inter-
mediate monocytes secrete high levels of pro-inflammatory
cytokines, including tumour necrosis factor (TNF) o and IL-
1B, IL-6, and IL-8; and their accumulation has also been re-
ported for various chronic inflammatory conditions.>>™2® Our
results extend these findings by showing that higher serum
concentrations of the C-X-C motif chemokine 10 (CXCL10)
not only correlated with the elevated counts of non-classical
and intermediate monocytes but were also an independent
predictor of mortality after TAVI (Table S10 and Figure S6).
CXCL10 is traditionally recognized for recruiting pathogenic
T cells to inflamed sites.?” More recently, Zhao and colleagues
described a novel function of CXCL10 in the regulation of the
inflammatory potential of human monocytes to produce

cytokines.28 In our cohort, CXCL10 correlated with the levels
of several other cytokines, including those attributed to
non-classical and intermediate monocytes (IL-1B, TNF-a,
TGF-B, or IL-8, Table S9), which indicates a possible role of
CXCL10 in the amplification of myeloid cell-mediated inflam-
matory responses in patients with severe aortic stenosis.
However, the specificity of the non-classical monocytic
response after TAVI could also, at least to some part,
reflect a hyper-responsiveness to non-specific stimuli.
Hyper-responsiveness has been previously shown to be asso-
ciated with unfavourable outcomes with patients with angina
undergoing coronary angiography and could also account for
an unfavourable outcome in patients undergoing TAVI.?
Nonetheless, our present data suggest a prognostic impact
of the peri-interventional pro-inflammatory CD16" mono-
cytes, and future studies will be warranted to elucidate spe-
cific anti-inflammatory therapies targeting non-classical
monocyte-driven inflammation in patients undergoing TAVI.
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Figure 5 Pro-inflammatory T-cell polarization predicts adverse (LV) remodelling after transcatheter aortic valve implantation (TAVI). Low numbers of T
regulatory cells (Tregs) (A) and increased TH17/Treg ratio (B) were associated with adverse (Group 4) remodelling. The Kruskal-Wallis H test was used
for multi-group analysis (framed P-values shown in the upper left-hand corner of the graph) and post-hoc Mann-Whitney U test for two-group com-

parison was also performed.
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Pre-existing inflammatory T-cell polarization
associates with adverse remodelling and
increased mortality after transcatheter aortic
valve implantation

Although T cells are known to influence cardiac function in
mice after pressure overload® or aging,3! the relation of cir-
culating cells and tissue invasion in humans is unclear. In line
with the traditional dogma of T-cell immunology, we show
that pre-procedural ‘pro-inflammatory’ polarization of T cells,
indicated by lower baseline circulating Treg counts and in-
creased Th17 over Treg ratio, were predictive of adverse left
ventricular remodelling after TAVI. On the other hand, higher
baseline percentages of Tregs also seem predictive of mid-
term mortality in our cohort. At least part of the explanation
for this apparent paradox involves the newest experimental
findings, which have recently changed our view on Treg het-
erogeneity, activation, and their involvement in inflammatory
processes. Recent studies show that Th1l7 cells and Tregs
share many similarities and do not simply antagonize each
other, but instead, they stimulate each other reciprocally.3?
Moreover, there is strong evidence that specific subsets of
Tregs can convert into Th17 cells in the presence of inflam-
matory cytokines,®® and vice versa, Th1l7 cells can
transdifferentiate into regulatory cells and contribute to the

resolution of inflammation.®* Our phenotypical data also con-
cur with these reports showing a modulatory role of Tregs in
Th17-driven inflammation as indicated by a strong positive
correlation between Treg and Th17 cell counts and by an in-
verse correlation between Treg and Th1l level before and af-
ter TAVI (Figure S7). More recent studies also demonstrated
that, based on IL-10 and IL-35 production, Tregs can be diver-
sified into two functionally distinct subsets. IL-10-producing
effector Treg cells act as amplifiers of negative regulatory cir-
cuits to restrain Th17 cell-mediated inflammation.3> Thus, the
observed concomitant increase of Tregs in our study could
also represent a surrogate of Th17-driven inflammation in
terms of a compensatory increase in
inflammation-dampening IL-10-Treg cells.>® Our data on cyto-
kine profiles seem to support this assumption by showing a
correlation between baseline serum levels of IL-10 and Th17
cells (Table S11). Although the role of IL-10 as
anti-inflammatory mediator, which improves cardiac function
after injury in the myocardial infarction model, is well
established,®” a recent study suggests that it may also have
mild but adverse effects in an experimental model of heart
failure with preserved ejection fraction (HFpEF).>® A common
effect observed in HFpEF and post-infarction remodelling is
that IL-10 activates fibroblasts. Because fibroblasts play an
important role in wound healing and cardiac remodelling,
their activation may contribute to the beneficial effect of
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IL-10 in acute injury models, whereas a long-term chronic ac-
tivation of fibroblasts may explain the increase of myocardial
fibrosis and development of diastolic dysfunction as seen in
macrophage-specific IL-10-deficiency in the HFpEF model. In-
deed, myocardial fibrosis as identified by MRI pre-TAVI was
recently shown to be a powerful predictor of 2 year mortality
in patients with aortic stenosis undergoing TAVI.>® However,
as the majority of studies on Treg regulation has been per-
formed in murine models, any conclusions should be treated
with caution when applying to our results, given the substan-
tial distinctions between regulatory T-cell biology in humans
and mice.*®

In summary, we show that individual baseline T-cell signa-
tures rather than their postprocedural kinetics or positive
SIRS criteria were predictive of outcome, which points to-
wards a pre-existing adaptive-related immune predisposition
to adverse outcome in patients undergoing TAVI.

Clinical perspective

The era of anti-inflammatory therapies in cardiovascular dis-
ease and heart failure has just begun.** A recent subgroup
analysis using placebo-controlled data of the CANTOS
(Canakinumab  Anti-Inflammatory Thrombosis Outcome
Study) trial showed that IL-1B-targeting therapy may reduce
heart failure hospitalization and heart failure-related
mortality.*? At the cell-specific level, novel immunomodula-
tory approaches targeting CD16" monocytes in systemic in-
flammatory disease showed promising results in first clinical
trials.*?

Considering therapeutic application of specific immune
signatures in advanced valve disease, it would be important
to prove whether our results specifically apply to distinct
groups of patients and might be biased by, for example, par-
ticular T-cell-specific immunological (e.g. cytomegalovirus se-
ropositivity and T-cell immunosenescence)** or genetic [e.g.
presence of distinct somatic mutations associated with
clonal haematopoiesis of indeterminate potential (CHIP)]
burden. CHIP is a classical age-associated phenomenon,
which affects about 30% of patients > 70 years, and muta-
tions of the haematopoietic stem cells were shown to cause
an enhanced inflammatory responsiveness of monocytes
and T lymphocytes.**™" Epigenetic determinants of cellular
immune signatures, as well as their impact on prognosis
and responsiveness to potential anti-inflammatory therapies
in elderly patients with advanced aortic stenosis, remain to
be further elucidated.

Study limitations

Owing to relatively small sample size and few event, this
study should be considered hypothesis generating.

Undoubtedly, a larger controlled trial (including standard-
ized flow cytometry-based assays) is needed to further val-
idate our data and to strengthen the hypothesized
prognostic impact of leucocytic signatures in patients un-
dergoing TAVI, including vulnerable subgroups like dia-
betics. In terms of future applicability of the presented
measures, further cross-sectional studies in different
populations of octogenarians should possibly define
assay-specific and gender-adjusted or age-adjusted cut-off
values for distinct cell subsets to facilitate their implemen-
tation into routine laboratory diagnostics and immunologi-
cal assessment of the future TAVI candidates. In addition,
a better and more standardized clinical characterization of
patients (e.g. including Rockwood-index criteria for defini-
tion of frailty) and well-defined imaging follow-up time
points for remodelling data should be implemented in fu-
ture study design.

Conclusions

Our findings demonstrate for the first time an association of
specific inflammatory phenotypes with increased mortality
after TAVI (Figure SZ). Distinct monocyte and T-cell signatures
might provide novel additive biomarkers to improve individ-
ual risk stratification and possibly guide upcoming
anti-inflammatory therapies in patients with severe aortic
stenosis.
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Data S1. Supporting information.

Data S2. Supporting information.

Figure S1. Myeloid subset counts after TAVI. Absolute T-cell subset
counts (cell/ul) are shown during the prespecified time points after TAVI
(Friedman test, with Dunn’s multiple-comparisons test).

Figure S2. T-cell subset counts after TAVI. Absolute T-cell subset counts
(cell/ul) are shown during the prespecified time points after TAVI
(Friedman test, with Dunn’s multiple-comparisons test).

Figure S3. Impact of valve type on leukocyte subsets kinetics after TAVL
(A) Schematic view showing distribution of Balloon-Expandable (BE)
versus Self-Expandable (SE) valves in the study with corresponding pa-
tient numbers. (B) Changes (24 hours vs. Baseline, BL) in CRP levels
and selected myeloid and T-cell subsets for BE and SE valves.

Figure S4. Gradient boosted trees algorithm in the prediction of
12-month mortality after TAVI. (A) Flow chart explaining the working
principle of the algorithm. (B) Shapes of all the receiver—operating
curves for classification of the test set for each random data split. (C)
Features were sorted according to their impact on the model and pre-
sented in the form of a bar plot. For clarity, we present the top 25 fea-
tures only.

Figure S5. Gradient boosted trees algorithm in the prediction of
12-month mortality after exclusion of 30-day deaths. Features were
sorted according to their impact on the model and presented in the form
of a bar plot. For clarity, we present the top 25 features only.
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