@ESC

European Heart Journal (2023) 44, 1943-1952 TRANSLATIONAL RESEARCH

European Society https:/doi.org/10.1093/eurheartj/ehad093 Valvular heart disease

of Cardiology

Mosaic loss of Y chromosome in monocytes
is associated with lower survival after
transcatheter aortic valve replacement

Silvia Mas-Peiro ® 3T, Wesley T. Abplanalp®**%, Tina Rasper®,

Alexander Berkowitsch*, David M. Leistner', Stefanie Dimmeler

2,3,4%
]

and Andreas M. Zeiher ® 234++

1Depar‘tment of Medicine, Cardiology, Goethe University Hospital, Frankfurt, Germany; 2German Center for Cardiovascular Research (DZHK) Partner Site RheinMain, Frankfurt, Germany;
3Cardiopulmonary Institute, Frankfurt, Germany; and “Institute for Cardiovascular Regeneration, Goethe University Frankfurt, Theodor-Stern-Kai 7, 60590 Frankfurt, Germany

Received 8 December 2022; revised 11 January 2023; accepted 11 February 2023; online publish-ahead-of-print 18 March 2023

See the editorial comment for this article ‘Why Y? The Y chromosome may serve a cardiovascular purpose after all’, by A.M. Small and P.
Libby, https://doi.org/10.1093/eurheartj/ehad125.

Abstract

Aims

Methods
and results

Conclusion

Mosaic loss of Y chromosome (LOY) in blood cells is the most common acquired mutation, increases with age, and is related
to cardiovascular disease. Loss of Y chromosome induces cardiac fibrosis in murine experiments mimicking the conse-
quences of aortic valve stenosis, the prototypical age-related disease. Cardiac fibrosis is the major determinant of mortality
even after transcatheter aortic valve replacement (TAVR). It was hypothesized that LOY affects long-term outcome in men
undergoing TAVR.

Using digital PCR in DNA of peripheral blood cells, LOY (Y/X ratio) was assessed by targeting a 6 bp sequence difference
between AMELX and AMELY genes using TagMan. The genetic signature of monocytes lacking the Y chromosome was dec-
iphered by scRNAseq. In 362 men with advanced aortic valve stenosis undergoing successful TAVR, LOY ranged from —4%
to 83.4%, and was >10% in 48% of patients. Three-year mortality increased with LOY. Receiver operating characteristic
(ROC) curve analysis revealed an optimal cut-off of LOY >17% to predict mortality. In multivariate analysis, LOY remained
a significant (P < 0.001) independent predictor of death during follow-up. scRNAseq disclosed a pro-fibrotic gene signature
with LOY monocytes displaying increased expression of transforming growth factor (TGF) B-associated signaling, while ex-
pression of TGFp-inhibiting pathways was down-regulated.

This is the first study to demonstrate that LOY in blood cells is associated with profoundly impaired long-term survival even
after successful TAVR. Mechanistically, the pro-fibrotic gene signature sensitizing the patient-derived circulating LOY mono-
cytes for the TGFp signaling pathways supports a prominent role of cardiac fibrosis in contributing to the effects of LOY
observed in men undergoing TAVR.
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Structured Graphical Abstract

Key Question

Does mosaic loss of Y chromosome (LOY) in blood cells, the most common acquired mutation, affect long-term outcome in patients
undergoing transcatheter aortic valve replacement (TAVR) for severe aortic valve stenosis?

Key Finding

LOY in blood cells is associated with profoundly impaired long-term survival even after successful TAVR. Mechanistically, patient-derived
circulating monocytes lacking the Y chromosome reveal a pro-fibrotic gene signature by single cell RNA sequencing analysis.

Take Home Message

In patients undergoing TAVR for severe degenerative aortic valve stenosis, LOY in blood cells may not only provide a novel risk indicator,

but may also allow for precision treatment strategies using targeted anti-fibrotic interventions.
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Translational perspective
Loss of Y chromosome (LOY) in blood cells is associated with increased mortality after successful transcatheter aortic valve replacement
(TAVR). Circulating monocytes with LOY are characterized by a pro-fibrotic gene expression signature sensitizing the cells for the transforming
growth factor-f signaling pathways. Thus, the identification of men with increased LOY may not only provide a novel risk indicator but may also
allow for precision treatment strategies with a superior response to specific antifibrotic therapies in patients with severe aortic valve stenosis, in
whom diffuse cardiac fibrosis is the major determinant of impaired survival following TAVR.




Mosaic loss of Y chromosome and mortality after TAVR

1945

Introduction

Mosaic loss of Y chromosome (LOY) in blood cells, defined as loss of
the entire Y chromosome in a mosaic fashion,1 is the most common ac-
quired somatic mutation in human blood cells.” Loss of Y chromosome
increases with age and correlates with clonal expansion of myeloid
cells.>* In epidemiological studies, LOY has been linked to shorter life
expectations in elderly men as well as with a variety of age-associated
diseases including cancer, Alzheimer’s disease, macular degeneration,
and cardiovascular diseases."**~ Most recently, Sano et al® experi-
mentally demonstrated that hematopoietic loss of Y chromosome in
mice led to cardiac fibrosis during aging, particularly after left ventricular
pressure overload due to aortic constriction, which mimics the conse-
quences of aortic valve stenosis. The study by Sano et al.® for the first
time disclosed a causal relationship for LOY with cardiac disease.”

Since degenerative aortic valve stenosis is the prototypical
age-related cardiovascular disease'® and diffuse cardiac fibrosis is the
major independent determinant of impaired survival even after success-
ful aortic valve replacement,’” we investigated the effects of LOY in
blood cells on long-term outcome in male patients undergoing trans-
catheter aortic valve replacement (TAVR).

Methods
Study cohort

A total of 362 male patients with severe aortic valve stenosis undergoing
successful TAVR between February 2017 and August 2021 at the
University Hospital of the Goethe University, Frankfurt, Germany, were in-
cluded in the current study. All participants provided written informed con-
sent for the study procedures, including the intervention and genetic testing
using blood samples. This study protocol was approved by the Ethics
Committee (protocol number 187/17), and the study complied with the re-
quirements of the Declaration of Helsinki.

Study procedures

Clinical, echocardiographic, and laboratory data were collected both at
baseline and in a prospective up to 3-year follow-up. Baseline risk was esti-
mated using EuroSCORE II. Preprocedural inflammatory parameters [in-
cluding high-sensitive C-reactive protein and interleukin-6 (IL-6) levels
and white blood cell counts], as well as troponin T and high-sensitive
N-terminal pro brain natriuretic peptide (NT-proBNP) were measured.
Long-term (up to 3 years) all-cause mortality was the primary outcome.

Measurement of LOY

Estimation of LOY was performed using a previously validated digital PCR
technique.* In brief, the TagMan-based method quantifies the relative num-
ber of X and Y chromosomes in a DNA sample by targeting a 6 bp se-
quence difference present between the AMELX and AMELY genes using
the same primer pair and, thus, is relatively unbiased with regard to primer
properties. DNA was extracted from whole blood of patients obtained at
the time of TAVR prior to beginning the procedure.

One hundred and fifty nanograms of DNA was mixed with Probe PCR
Master Mix (QIAcuity Probe PCR Kit, #250101, Qiagen, Hilden,
Germany)  containing  FastDigest ~ Hindlll  enzyme  (#FDO0504,
ThermoFisher Scientific, Waltham, MA, USA) and TaqMan Primers
(#C_990000001_10, ThermoFisher Scientific, Waltham, MA, USA). After
digestion for 10 min at room temperature, a 26k 24-well Nanoplate
(QlAcuity Nanoplate 26k 24-well, #250001, Qiagen, Hilden, Germany)
was filled with the reaction mix and loaded into a QlAcuity One instrument
(Qiagen, Hilden, Germany). PCR cycling was performed following manufac-
turer’s instructions: PCR initial heat activation 95°C for 2 min, followed by
two-step cycling (40 cycles) of 95°C for 15s and 60°C for 30s. A 6 nt

deletion occurs in the X-specific amelogenin gene (B37/hg19 genome loca-
tions: chrX:11315039 and chrY:6 737 949—6 737 954). The VIC dye probe
detects X-chromosome sequences, and the FAM dye probe includes the
6nt and detects Y-chromosome sequences (Sequence: GTGTTGATT
CTTTATCCCAGATG[-/AAGTGG]TTTCTCAAGTGGTCCTGATTTT
[VIC/FAM]).

The endpoint fluorescence intensity of the partitions was separately
measured for FAM (targeting AMELY) and VIC (targeting AMELX) to deter-
mine the presence or absence of the respective targets. Using the QIAcuity
One Software Suite (Qiagen, Hilden, Germany) the absolute concentration
of the targets was calculated based on the number of positive and negative
partitions. The ratio of AMELY/AMELX was calculated using absolute con-
centrations. Extent of LOY was defined as percent of cells with LOY de-
rived from the ratio AMELY/AMELX.

Sequencing for DNMT3A and TET2-mediated

clonal hematopoiesis

The presence of somatic DNMT3A or TET2 CHIP-driver mutations with a
variant allele frequency (VAF) > 2% was assessed in 345 patients because
of the exclusion of 17 patients (3 due to missing data on CHIP-driver mu-
tation status and 14 due to hematological disorders that made CHIP defin-
ition inapplicable). NGS was performed by MLLDxGmbH, Minchen,
Germany, as previously described.'? In brief, DNA was isolated with the
MagNaPure System (Roche Diagnostics, Mannheim, Germany) from mono-
nuclear cells after lysis of erythrocytes. The patients’ libraries were gener-
ated with the Nextera Flex for enrichment kit (lllumina, San Diego, CA,
USA) and sequences for DNMT3A and TET2 enriched with the IDT
xGen hybridisation capture of DNA libraries protocol and customised
probes (IDT, Coralville, IA). The libraries were sequenced on an lllumina
NovaSeq 6000 with a mean coverage of 2147 X and a minimum coverage
of 400X, reaching a sensitivity of 2%. Reads were mapped to the reference
genome (UCSC hg19) using Isaac aligner (v2.10.12) and a small somatic vari-
ant calling was performed with Pisces (v5.1.3.60). Protein truncating var-
iants were classified as mutation. Non-synonymous changes were
included, if they were well annotated (several definite submissions to
COSMIC, IRAC or ClinVAR). Other non-protein truncating variants
were defined as variants of uncertain significance (VUS).

Single cell RNA sequencing (scRNAseq)

analyses

ScRNAseq was performed as previously described.® In brief, patient-derived
blood was centrifuged on density gradient centrifugation (Pancoll human,
Density:  1.077 g/mL, #P04-60500, PAN-Biotech GmbH, Aidenbach,
Germany), and mononuclear cells were used for droplet scRNAseq using the
Chromium Controller with Chromium Next GEM Single Cell 3" GEM, Library
and Gel Bead Kit version 3.1 reagent (10 X Genomics, Pleasanton, CA) according
to the manufacturer’s protocol. Libraries were sequenced using paired-end se-
quencing by GenomeScan (Leiden, Netherlands), and expression data were pro-
cessed by the Cell Ranger Single Cell Software Suite version 3 (10 X Genomics,
Pleasanton, CA, USA) and aligned to the human reference genome GRCh38.
Data integration was performed by Seurat version (v4.0.3) (Satija Lab,
New York Genome Center, New York City, NY, USA), and FindMarkers func-
tion in the Seurat package was used for statistical analysis of differential gene ex-
pression. Loss of Y chromosome cells were defined in scRNAseq data as
combinatorial lack of expression of all Y chromosome derived genes. Relative
changes in transcription of Y harboring and LOY cells were then assessed and
data were pooled for the seven male patients analyzed in the present study.

Statistical analyses

Categorical variables are presented as numbers and frequencies (%), and
continuous variables as median [interquartile range (IQR)] unless otherwise
noted. Chi-squared tests or Fisher’s exact tests were used, as appropriate,
for comparison of categorical variables. Continuous variables were com-
pared between groups by the Mann—Whitney test. Best cut-off value for
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Table 1 Baseline characteristics in patients according to dichotomized Y/X ratio

Total (n=362)

Available

Male sex 362
Age (years) 362
BMI (kg/m?) 362
CVvD 362
PAOD 362
Prior heart surgery 362
COPD 361
Diabetes 362
Hypertension 362
NYHA class 362

|

I

Il

\%
M 362
Stroke 362
TIA 362
PCI 362
CAD 362

0

1

2

3

PPM 362

AF 362

LVEF (%) 355
EuroSCORE |l 362
DNMT3A/TET2-CHIP 345

LOY <17% (n = 255) LOY >17% (n = 107)

255 (100.00) 107 (100.00)

81 (77-85) 83 (80-85)
26.57 (24.55-29.71) 25.88 (24.14-28.25)
61 (23.92) 21 (19.63)
37 (14.51) 18 (16.82)
39 (15.29) 12 (11.21)
41 (16.08) 17 (15.89)
85 (33.33) 28 (26.17)
209 (81.96) 82 (76.64)
6 (2.35) 0 (0.00)
52 (20.39) 21 (19.63)
179 (70.20) 79 (73.83)
18 (7.06) 7 (6.54)
57 (22.35) 21 (19.63)
33 (12.94) 10 (9.35)
8 (3.14) 4 (374)
121 (47.45) 48 (44.86)
75 (29.41) 30 (28.04)
66 (25.89) 25 (23.36)
44 (17.25) 18 (16.82)
70 (27.45) 34 (31.78)
39 (15.29) 17 (15.89)
98 (38.43) 52 (48.60)
55 (40-60) 55 (40-60)
3.66 (2.04-6.26) 3.66 (2.10-6.83)
73 (30.3) 28 (26.9)

Values are given as n (%), or median (interquartile range).

AF, atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; CHIP, clonal hematopoiesis of indeterminate potential; COPD, chronic obstructive pulmonary disease; CVD,
cerebrovascular disease; LVEF, left ventricular ejection fraction; MI, myocardial infarction; NYHA, New York Heart Association; PAOD, peripheral arterial occlusive disease; PCl,
percutaneous coronary intervention; PPM, permanent pacemaker implantation; TIA, transient ischemic attack.

extent of LOY in predicting mortality was calculated using the Youden in-
dex" based on the area under the curve (AUC) from a receiver operating
characteristic (ROC) curve analysis. For mortality analysis, LOY data were
dichotomized according to the cut-off value to define the groups of patients
with high vs. low LOY. Kaplan—Meier curves were plotted and univariate
and multivariate Cox regression analyses were used to compare mortality.
All covariables reaching a P-value <0.1 in univariate analysis as well as pre-
viously established predictors of outcome after TAVR were included in
multivariate analysis to adjust for potential confounding effects. An addition-
al analysis of mortality was performed after excluding those patients who
died within the first 30 days after the procedure, as a way to rule out a

potential effect of periprocedural complications. All analyses were per-
formed with SPSS statistical package, version 29.0. P-value for significance
was set at 0.05. SCRNAseq analysis was performed by using R (version
4.0.3) and the analysis tool Seurat (v4.0.3). In brief, differential expression
of genes was used utilizing the ‘FindMarkers’ function in the Seurat package
for focused analyses. Significant comparisons were performed using the
Wilcoxon Rank Sum test followed by Bonferroni correction. Significance
was reported if adjusted P < 0.05. Differential transcriptional profiles by
LOY status were generated in Seurat with associated gene ontology terms
derived from the functional annotation tool Metascape (v3.5) for further
analyses.



Mosaic loss of Y chromosome and mortality after TAVR

1947

Table 2 Laboratory parameters in patients according to dichotomized Y/X ratio

Total 362

Available
eGFR (mL/min/1.73 m?) 362
Hemoglobin (g/dL) 362
Hematocrit (%) 361
IL-6 (pg/mL) 312
Leukocytes (/nL) 361
NT-proBNP (pg/mL) 308
Troponin (pg/mL) 303
CK (UIL) 328
CRP (mg/dL) 329

LOY <17% (n = 255)

59.90 (45.95-74.00)
12.60 (10.95-13.90)
37.10 (33.10-40.70)
5.40 (3.30-10.30)
7.01 (5.87-8.42)
1856 (526-4393)
27 (17-49)
81 (55-120)
028 (0.11-0.76)

LOY >17% (n = 107)

58.50 (43.00-75.00)
12.40 (10.80-13.76)
36.45 (32.83-40.30)
6.10 (3.70-10.85)
6.94 (5.73-8.19)
1708 (809-4865)
27 (15-44)
72 (52-116)
0.22 (0.09-0.84)

Values are given as median (interquartile range).

CK, creatinine kinase; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; IL-6, Interleukin-6; NT-proBNP, N-terminal pro brain natriuretic peptide.

Results

Patient characteristics and prognostic
significance of LOY

The clinical characteristics and laboratory values at baseline prior to
TAVR of the patients are summarized in Tables 1 and 2. No differences
were observed between patients with high or low LOY value in baseline
variables, including inflammatory parameters, except for age as ex-
pected (P =0.05).

Patients had a median age of 81.7 (77.8-84.8) years. The extent of
LOY in blood cells ranged from —4% to 83.4% (median 8.8%) and
was >10% in 48% of patients.

During 3 years of follow-up, 88 patients died. Dividing the extent of
LOY into quartiles demonstrated a dose-dependent increase in mortal-
ity with increasing extent of LOY (Figure 1A). Using the Youden index
derived from the ROC curves relating LOY to mortality revealed a LOY
of 17% as the optimal cut-off value to predict mortality during follow-
up (Figure 1B). A total of 107 (=29%) patients had LOY in more than
17% of their circulating blood cells. As summarized in Tables 1 and 2,
patients harboring > 17% LOY were slightly older but otherwise did
not differ with respect to clinical characteristics or laboratory para-
meters at the time of TAVR. Figure 2 illustrates the Kaplan—Meier sur-
vival curves for patients with LOY > 17% compared with those with
17% or less LOY in blood cells. Patients with LOY exceeding 17%
had a significantly (P < 0.001) worse clinical outcome for death with
continuously diverging survival curves up to 3 years of follow-up
(Figure 2). Results remained significant (P < 0.005) when using a
30-day blanking period (see Supplementary data online, Figure ST).

In order to assess whether the increase in mortality may be con-
founded by the presence of concomitant risk factors for worse out-
come, multivariate analyses were performed including age as well as
previously established prognostic factors after TAVR. As summarized
in Table 3, LOY > 17% remained an independent predictor with a haz-
ard ratio of 2.2 (1.4-3.4) for mortality after TAVR in addition to the
presence of anemia and an elevated EuroSCORE |I.

Taken together, these data establish LOY as a significant independent
predictor of long-term mortality in patients undergoing TAVR for se-
vere aortic valve stenosis.

Association between LOY and clonal

hematopoiesis

As previous small studies reported the co-occurrence of LOY in blood
cells with clonal hematopoiesis of indeterminate potential (CHIP) and
we have shown that the most prevalent CHIP-driver mutations in
the DNMT3A and TET2 gene associate with poor outcome
post-TAVR,'? we investigated a potential interaction of LOY and
CHIP in the present study. CHIP-driver mutations with a variant allele
frequency > 2% in the DNMT3A or TET2 gene were observed in 101 of
the 345 patients (29%) tested for CHIP in the present cohort. The
prevalence of DNMT3A/TET2 CHIP-driver mutations did not differ be-
tween patients with LOY > 17% compared with those with LOY of
17% or less (Table 1). Moreover, 3-year mortality rates did not differ
between patients harboring both, LOY > 17% as well as DNMT3A/
TET2 mutations (mortality 35.8%), compared with patients only show-
ing LOY > 17% without co-occurrence of DNMT3A/TET2 CHIP-driver
mutations (mortality 38.8%). However, it should be noted that only 28
patients had co-occurrence of LOY >17% and DNMT3A/TET2
CHIP-driver mutations with a VAF > 2%. Thus, the co-occurrence of
CHIP and LOY does not seem to interfere with the increased mortality
observed in patients with an extent of LOY exceeding 17%.

Potential mechanistic insights into
increased mortality by LOY

ScRNAseq provides a unique and powerful method to decipher the
transcriptional signatures of individual cells in an unbiased manner
and is capable to reveal differential gene expression patterns in patient-
derived peripheral blood cells lacking the Y chromosome. Therefore,
we performed scRNAseq analyses of circulating peripheral monocytic
blood cells in seven patients of the present cohort. Cells lacking the Y
chromosome were identified by the absence of expression of all genes
encoded on the Y chromosome, and their gene signatures were com-
pared with cells expressing Y chromosome-associated genes. As illu-
strated in Figure 3A and B, cells lacking the expression of Y
chromosome-encoded genes were relatively enriched in the monocyte
and natural killer (NK) cell cluster. Focusing on significantly regulated
genes taken from GO terms implicated in fibrotic signaling, the gene
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Table 3 Multivariate analysis for long-term all-cause mortality

Univariate

LOY >17%
EuroSCORE I

eGFR (mL/min/1.73 m?)

2.195. (1.444-3.337)
1.042 (1.021-1.063)
0981 (0.971-0.991)

NYHA class 1.974 (1.317-2.959)
Anemia 2.294 (1.059-4.965)
Previous PCI 0.602 (0.358-1.011)
CAD 1.221 (0.989-1.506)
Hypertension 0.639 (0.390-1.049)
Age 1.033 (0.994-1.074)
PPM 1.537 (0.911-2.592)
AF 1.369 (0.883-2.122)
BMI 0.964 (0.915-1.016)
COPD 1.360 (0.824-2.245)
Previous TIA 0.530 (0.128-2.189)

Previous stroke
CvD

Platelets (/nL)
Leukocytes (/n)

Hematocrit (%)

1.222 (0.654-2.281)
0.846 (0.498-1.436)
0.999 (0.996-1.002)
1.018 (0.948-1.094)
0.959 (0.895-1.028)

PAOD 0.885 (0.470-1.665)
Previous Ml 1.086 (0.631-1.869)
Diabetes 0.964 (0.611-1.521)

Multivariate
. . HR(95 % c|) ......................... P- Va|u ;
0.000 2.079 (1.362-3.173) 0.001
0.000 1.022 (0.992-1.050) 0.151
0.000 0.982 (0.973-0.992) 0.001
0.001 1.656 (1.107-2.478) 0.014
0.035 2.942 (1.804-4.797) 0.000
0.055 0.680 (0.404-1.145) 0.147
0.063 1.092 (0.914-1.304) 0.331
0.076 0.612 (0.376-0.998) 0.049
0.099 1.004 (0.970-1.039) 0.835
0.107
0.160
0.170
0.229
0.380
0.530
0.536
0.536
0.617
0.240
0.704
0.765
0.875

AF, atrial fibrillation; BMI, body mass index; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; CVD, cerebrovascular disease; Ml, myocardial infarction; NYHA,
New York Heart Association; PAOD, peripheral arterial occlusive disease; PCl, percutaneous coronary intervention; PPM, permanent pacemaker implantation; TIA, transient ischemic

attack.

Anemia was defined according to WHO criteria as < 13 g/dL in male patients and < 12 g/dL in female patients. Loss of Y chromosome (Y/X) ratio and anemia were used as dichotomised
variables. Age, Euroscore |l and laboratory parameters were used as continuous variables. All clinically relevant variables and laboratory parameters were included in univariate analyses,
except those already included in EuroSCORE Il (i.e. sex, left ventricular ejection fraction) to avoid dual inclusion. For multivariate analysis, those covariables reaching a P-value <0.1 in

univariate analyses were included.

expression heat map shown in Figure 3C demonstrates pronounced
pro-fibrotic gene signature in monocytes lacking Y chromosome asso-
ciated genes. Importantly, as illustrated in Figure 3D, expression of the
thymine-guanine-interacting factors 1 and 2 (TGIF1/2), which are potent
transcriptional repressors of the transforming growth factor (TGF) B/
Smad pathway, as well as of Smad 7 itself, which restrains
TGFp-induced activation, is profoundly down-regulated in LOY cells
suggesting sensitizing of these cells to the prototypical pro-fibrotic
TGFB/Smad pathway. Moreover, as illustrated in the violin plots in
Figure 3E, expression of the TGFS receptor 2 as well as the
TGFB-dependent expression of IRAK-3, which drives an alternatively
activated profibrotic macrophage phenotype,’ are significantly up-
regulated in LOY monocytes further supporting an enhanced sensitiza-
tion towards pro-fibrotic signaling upon LOY in circulating monocytes.

Taken together, the sensitization of LOY monocytes towards TGFf
signaling pathways may contribute to an enhanced cardiac fibrosis upon

recruitment of the monocytes to the cardiac tissue and, thus, aggravate
disease progression in patients with aortic stenosis even after removal
of the stenotic valve by TAVR.

Discussion

This is the first study to investigate the occurrence and prognostic signifi-
cance of LOY in blood cells in patients with severe degenerative aortic valve
stenosis. Our results demonstrate that LOY occurs frequently in this patient
population with advanced age and is associated with a significant increase in
mortality, even after successful correction of aortic valve stenosis by TAVR.
Mechanistically, our scRNAseq analyses reveal a pro-fibrotic gene signature
with enhanced TGFf3 signaling pathways in patient-derived circulating mono-
cytes lacking the Y chromosome (Structured Graphical Abstract), thus extend-
ing very recent experimental observations in humans.
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within the monocyte population. (D) Expression of down-regulated genes in individual monocytes associated with TGFp inhibition. (E) Violin plots
of expression of up-regulated genes associated with fibrosis and TGFp signaling within the monocyte population. Significant comparisons were per-
formed using the Wilcoxon Rank Sum test followed by Bonferroni correction. Significance was reported if adjusted P < 0.05 and indicated with

asterisk (¥).

This study advances the finding that LOY may be a biological marker
linked to age-dependent chronic diseases. In fact, LOY in at least 10% of
peripheral blood cells was present in 48% of this elderly population,
which is in line with previous reports in the general population.”™
Thus, LOY occurs frequently in patients undergoing TAVR. Increasing
extent of LOY was associated with increased mortality suggesting a
dose-dependent effect. Using an optimal threshold of > 17% of circu-
lating blood cells lacking the Y chromosome documented that LOY is
an independent predictor of increased mortality even after successful
TAVR. These data considerably extend previous epidemiological stud-
ies using large data sets from the UK Biobank showing that LOY not
only associates with reduced life expectancy but also with mortality

due to hypertensive heart disease and heart failure, when a threshold
of 40% of LOY in leukocytes was used.® Importantly, neither clinical
characteristics nor serum biomarkers for inflammation or cardiovascu-
lar outcome (troponin, NT-proBNP) were different between patients
above or below the cut-off value of LOY. Thus, LOY in blood cells may
provide a novel risk indicator for patients undergoing TAVR for severe
degenerative aortic valve stenosis.

Mechanistically, very recent experimental data in mice demonstrated
that modelling LOY in bone marrow cells was associated with a pro-
fibrotic/TGFp-associated polarization of bone marrow-derived cardiac
macrophages lacking the Y chromosome leading to cardiac fibroblast
activation, excessive matrix production,

and cardiac fibrosis.
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Enhanced fibrosis was specifically notable in this study following trans-
aortic constriction experimentally mimicking aortic valve stenosis.?
Single cell RNA sequencing analyses of patient-derived circulating blood
cells provide a unique method to differentiate the genetic signature of Y
chromosome lacking vs. Y chromosome-harboring cells even in an indi-
vidual patient. Here, for the first time, we document that LOY in circu-
lating monocytes from patients undergoing TAVR is associated with a
pro-fibrotic gene signature characterized by sensitizing the cells for
the TGFp signaling pathways. These data not only extend the experi-
mental studies in mice supporting a causal role for LOY in hematopoi-
etic cells for cardiac fibrosis but may also offer a rational explanation for
the increased mortality observed in patients with LOY even after suc-
cessful TAVR. As diffuse cardiac fibrosis is the major determinant of in-
creased mortality after aortic valve replacement11 and circulating
monocytes infiltrating the heart and differentiating to macrophages in-
stigate cardiac fibrotic processes via TGFB,'® recruitment of circulating
monocytes primed for activation of pro-fibrotic processes into cardiac
tissue may contribute to the observed increased mortality. Both, ex-
perimental studies and clinical investigations in sex-mismatched heart
transplant patients previously demonstrated that upon hemodynamic
stress, such as present in severe aortic valve stenosis, cardiac macro-
phages are maintained through circulating monocyte recruitment and
proliferation and cardiac macrophage abundance is associated with ad-
verse left ventricular remodeling and impaired systolic function."”
Importantly, in view of recent efforts to apply specific antifibrotic ther-
apies in heart failure with preserved ejection fraction,'® the identifica-
tion of men with increased LOY may also provide for precision
treatment strategies with a superior response to antifibrotic therapies
in patients with severe aortic valve stenosis, where impaired diastolic
function due to profound left ventricular hypertrophy frequently per-
sists even after TAVR.

Mosaic LOY shows some similarities to CHIP, which is defined as the
accumulation of acquired mutations in genes commonly associated
with myeloid neoplasms in the peripheral blood of individuals without
hematological malignancy.'® Like LOY, CHIP increases with age and was
shown to associate with cardiovascular diseases.”*** Indeed, some
small studies recently reported the co-occurrence of CHIP and
LOY, % thereby raising the question whether LOY and CHIP may re-
present two sides of the same coin.”® Since we previously demon-
strated that CHIP also confers a worse prognosis in patients with
severe aortic stenosis undergoing TAVR,"> we addressed a potential
interaction between CHIP and LOY in the present study. However,
at least for the most prevalent CHIP-driver mutations in the
DNMT3A and/or TET2 gene, we did neither find an increased prevalence
of CHIP in patients with increased LOY nor did the co-occurrence of
LOY and CHIP in an individual patient aggravate mortality after
TAVR. However, it should be noted that the number of patients simul-
taneously carryinga DNMT3A/TET2 CHIP-driver mutation and harbor-
ing LOY >17% in the present study is rather small, thus precluding firm
conclusions regarding potential interactions between CHIP and LOY in
cardiovascular disease.

Limitations

The most important limitation of the present study refers to the fact
that this clinical study cannot provide a cause-and-effect relationship
between the profibrotic gene signature of circulating LOY monocytes
and increased mortality of patients harboring LOY > 17%.
Unfortunately, the precise cause of death could not be reliably deter-
mined in the majority of these elderly patients. Therefore, our present

analysis did focus on all-cause mortality rather than cardiovascular mor-
tality. Moreover, establishing a direct association between the extent of
LOY in circulating monocytes and diffuse cardiac fibrosis would require
either cardiac MRI or myocardial biopsy specimens obtained from the
patients undergoing TAVR in order to quantitate the extent of cardiac
fibrosis, which was not available to us. Thus, further studies applying
cardiac magnetic resonance imaging to quantify the extent of diffuse
myocardial fibrosis should be prospectively performed in patients
undergoing TAVR to provide further pathophysiological insights into
the relation between cardiac fibrosis and LOY in circulating immune
cells.

Conclusions

Our data support the hypothesis that LOY in blood cells may be asso-
ciated with impaired survival even after successful valve replacement by
TAVR via enhanced pro-fibrotic activity of circulating monocytes.
Future studies will have to validate our findings in larger cohorts and
test whether a targeted anti-fibrotic therapy may be a valuable treat-
ment strategy in patients with increased LOY undergoing TAVR for se-
vere aortic valve stenosis.
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