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Clonal Hematopoiesis:
selective growth advantage of a HSC

® Clonal hematopoiesis of indeterminate potential (CHIP) is the clonal expansion of hematopoietic stem cells bearing
acquired somatic mutations, especially DNMT3A, TET2, and ASXL1 ~ invoived in epigenetic reguiation

® Most individuals with CHIP will never develop a hematologic malignant condition, hence the term indeterminate potential

* Medlical uncertainty
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Clonal Hematopoiesis, a newly recognized CV risk factor

® Age-related condition: rare in the young, but 10-20% of those > 70 years
® CHIP associates with a striking elevation in cardiovascular risk
® Mouse experiments: causality of CHIP with accelerated atherosclerosis and HF
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Inflammation:

a common contributor to cancer, aging, and CVD

® Key pathogenesis: Inflammatory reactions of PBCs

Common mechanisms and mediators in cancer and in atherosclerosis

+ Impaired DNA repair

Cancer
Major drivers N
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Oncogenes, proto-oncogenes
(e.g. c-sis/PDGF), and dysregulated
tumor suppressors

Examples of putative mediators

Vascular endothelial

Interstitial collagenases
(e.g. MMPs -1, 8, 13),

(e.g. MMP-12, Cathepsins S, L, K)
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CHIP and atrial fibrillation (AF)?

® AF is a disease of aging
® Inflammation as a pathophysiology
® Shares common risk factors with atherosclerotic CVDs

Atherosclerosis
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Aim of the study

 To evaluate the association between CHIP and AF from bench to bedside
. - ) [ o
 Partl. Clinical association between CHIP and AF A
» To compare the prevalence of CHIP mutations in Non-AF vs. AF

To find clinical features stratified by the CHIP mutations within AF patients

CHIP prevalence? Clinical features?

e Part Il. Mechanism of CHIP on AF

« Validation of pathophysiology in mice model
Role of CHIP in angiotensin Il-induced atrial fibrosis in mice -
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CHIP and atrial fibrillation (AF)?

» Analysis

1) Non-AF vs.The prevalence of CHIP mutations

2) In AF, CHIP(+) vs. CHIP (-):
Distinctive AF-related features (AF type, duration, LA remodeling parameters)

@,
Non-AF ﬁ
——p

CHIP prevalence?

Clinical features?
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Methods

« Study population
* AF (n=1,004)
 50-79 years, no hx. of cancer/VHD/cardiac surgery in 2021/4 — 2022/12
 Control (n=3,341)
« Non-AF healthy adults, health examination in 2011/5 - 2017/1

A deep targeted sequencing of 24 CHIP driver mutations from peripheral blood-derived mononuclear

cells
a
' ' ' Other
« CHIP (+) if a variant allele fraction (VAF) reach 2.0%
ASXL1 ATM BCOR CBL CHEK2  CREBBP DNMT3A EP300 GNAS IDH2 Piﬁf;r DNMT3A
JAK2 KMT2D  KRAS NOTCH1 NOTCH2 PPM1D SETD2  SF3B1 SRSF2  STAG2 P53
STAT3 TET2 TP53 U2AF1 JaKz
ASXL1
* VAF (variant allele fraction): the percentage of reads that support a mutant allele out of the total number of reads. TET2
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Results — Baseline characteristics

Non-AF (GENIE cohort) AF AF
N=3.341 N=1.004 p-value | 10 N=1.004
ige (years) 58505 67.6 =0.9 <0.001 Family history of AF 37 (3.7%)
Sex (Male) 2328 (69.7%) 697 (69.4%) 0.907 EHRA
Body mass index (kgmz] 24027 25335 =0.001 0 5 (0.5%)
Comorbidities 1 605 (60.3%)
Hypertension 1320 (39.5%) 756 (75.3%) <0.001 | |2 326 (32.5%)
Diabetes 527 (15.8%) 313 (31.2%) <0.001 3 68 (6.8%)
Chronic kidney disease 82 (2.5%) 51 (5.1%) <0.001 AF duration (days) 1563.0 (596.0-2813.0)
Stroke/TIA/TE 14 (0.4%) 119 (11.9%) <0.001 CHA,DS,-VASc Score 26+13
Vascular disease 112 (3.4%) 119 (11.9%) <0.001 | |Alcohol 376 (37.5%)
Smoking Echocardiography
Newver 1831 (54.8%) 606 (60.4%) LVEF (%) 592+57
Ex 1068 (32%) 305 (30.4%) <0.001 LA diameter (mm) 459172
Current 442 (13.2%) 93 (9.3%) LAVI (mL/m”) 478+192
Measurements EE 10266
Systolic blood pressure (mmHg) 119.0=13.4 127.2 £ 149 <0.001 | |CIED 69 (6.9%)
Diastole blood pressure (mmHg) 78.5=90.8 74.6 =10.3 <0.001 | |Treatment
Heart rate (/min) 65.8=09 75.0 = 14.8 =0.001 Electrical cardioversion 281 (28.0%)
Hb (g/dL) 146=1.3 141=1.5 =0.001 Catheter ablation
Het (%) 44.0=3.7 42.8=4.0 <0.001 No 605 (60.3%)
Blood urea nitrogen (mg/dL) 15.0£3.7 16.7+4.8 <0.001 Radiofrequency 232 (23.1%)
Creatinine (mg/dL) 0.9=0.2 09=0.2 <0.001 Crvo 135 (13 .4%)
«GFR (11]1,_.-'111;11.-'1,731113) 87.0=14.8 786 =158 =0.001 Both 32 (3.2%)
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Result — Non-AF vs. AF

CHIP, More frequent in patients with AF

A) P<O 05 for * B) 30.0 All P<0.05 except for**
B 40.0 & mNon-AF mAF mPersistent AF = Paroxysmal AF
o> = Non-AF m AF o 5D
7] 0 25.0 = :

c £ 236 _ 230!
2 Qo :
s 300 IS | 19.4
5 S 200 boo189°
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= =
o o 5.0
5 o 1.8
I ﬂ IC 1l7ll 121510
0.0 :
<59 60-64* 65-69 70-74 75-79 Total* All CHIP DNMT3A, DNMT3A DNMT3A TET2 ASXL1**
mutations TET2, or or TET2
Age, years ASXL1
No. of individuals with CHIP with VAF 2.0% / Total No. of individuals No. of individuals with CHIP with VAF 2.0%
Non-AF  160/2085 56/557  87/452 40/198  13/49  356/3341 Non-AF (n=3341) 356 284 253 202 58 40
AF 11/122  38/192 65/265 60/244 63/181 237/1004 ___AF(n=1004) 237 1% 179 13 66 15
Paroxysmal AF (n=392) 90 71 68 52 25 4
Persistent AF (n=612) 147 119 111 83 41 11

All CHIP mutations are more frequently observed in AF patients across the age
DNMT3A, TET2, and ASXL1 are the most common CHIP mutations in AF
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Result — Non-AF vs. AF

CHIP, 1.4 - fold more frequent in patients with AF

Prevalence of CHIP mutations

OR (95% CI) of CHIP in AF

(VAF 2 2.0%) OR (95% CI) of Model 3
Non-AF (n=3,341)  AF (n=1,004) Model 1 P Model 2 P Model 3 P
All CHIP mutations 356 (10.7%) 237 (23.6%) | 1.46(1.18-1.81) 0.001| 1.44 (1.15-1.80) 0.001| 1.38 (1.10-1.74) 0.006 -
DNMT3A, TET2, or ASXL1 284 (8.5%) 190 (18.9%) | 1.41(1.12-1.79) 0.004 | 1.38 (1.09-1.76) 0.009| 1.32(1.03-1.69) 0.030 ——
DNMT3A or TET2 253 (7.6%) 179 (17.8%) | 1.53(1.20-1.95) 0.001| 1.50 (1.17-1.93) 0.001| 1.42(1.10-1.84) 0.008 ——
DNMT3A 202 (6.1%) 135 (13.5%) |1.54(1.18-2.02) 0.002| 1.53(1.16-2.02) 0.003| 1.45(1.09-1.93) 0.012 ——
TET2 58 (1.7%) 66 (6.6%) 1.79 (1.18-2.73) 0.007 | 1.72 (1.11-2.66) 0.015| 1.65(1.05-2.60) 0.030 ——
0 1 2 3

Model 1: adjusted by age, sex; Model 2: adjusted by age, sex, smoking, body mass index; Model 3: adjusted by age, sex, smoking, body mass index, diabetes, hypertension

CHIP mutations are 1.4-fold more prevalent in AF patients than in non-AF

HE
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As a single gene, TET2 has the highest OR (1.7 )
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Result — In AF, CHIP (+) vs. CHIP (-):

Then, what would be the distinctive features stratified by CHIP presence?

No DTA (VAF 2%) DTA (VAF 2%)
N=814 N=190 p-value
Age 67.2=7.0 69.7 = 6.0 <0.001
Sex (Male) 565 (69.4%) 132 (69.5%) 0.986
Bodv mass index (kg/m") 254=37 No DTA (VAF 2%) DTA (VAF 2%) .
Type of AF N=814 N=190 p-value
Paroxysmal 321 (39.4%) |Smoking 0.764
Persistent 493 (60.6%) Never 487 (59.8%) 119 (62.6%)
Family history of AF 32 (3.9%) Ex 250 (30.7%) 55 (28.9%)
EHRA Current 77 (9.5%) 16 (8.4%)
0 4 (0.5%) Alcohol 309 (38.0%) 67 (35.3%) 0.489
1 479 (58.8%) |Echocardiography
2 270 (33.2%) LVEF 59.1=5.8 59.6=5.0 0.308
3 61 (7.5%) LA diameter 458 = 7.2 46.5=7.2 0.308
AF duration (days) 1465.0 (583.0-2720.0 LAV (mL/m>) 47.6 =194 48.7 = 18.3 0.549
Comorbidities E/E' 0.9=410 11.8=13.1 0.002
Hypertension 606 (74.4%) |CIED 52 (6.4%) 17 (8.9%) 0.209
Diabetes 236 (29.0%) |Treatment
Congestive heart failure 142 (17.4%) Electrical cardioversion 229 (28.1%) 52 (27.4%) 0.833
Chronic kidney disease 37 (4.5%) Catheter ablation 0.018
Chronic liver disease 5 (0.6%) No 476 (58.5%) 129 (67.9%)
Stroke/TIA/TE 05 (11.7%) Radiofrequency 202 (24.8%) 30 (15.8%)
Vascular disease 99 (12.2%) Cryo 113 (13.9%) 22 (11.6%)
25=13 Both 23 (2.8%) 9 (4.7%)
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Result — In AF, CHIP (+) vs. CHIP (-):
CHIP (DNMT3A, TET2, ASXLI) & clinical features in AF

Prevalence of CHIP mutations (VAF 2 2.0%) PAF

Non-AF PAF PeAF LsPeAF OR (95% CI) of Model 3 B PeAF
(n=3,341) (n=392) (n=612) (n=517) B LsPeAF
1.33 (0.97-1.82)
All CHIP mutations 356 (10.7%) | 90 (23.0%) 147 (24.0%) 129 (25.0%) .’__..Ly_‘ L
.50 (1.14-1.99)
1.27 (0.90-1.78)
DNMT3A, TET2, or ASXL1 | 284 (8.5%) | 71 (18.1%) 119 (19.4%) 104 (20.1%) i s
1.36 (0.96-1.93)
DNMT3A or TET2 253 (7.6%) | 68 (17.4%) 111 (18.1%) 97 (18.8%) i 1.47 (1.09-1.98)*
1.53 (1.12-2.09)*
DNMT3A 202 (6.1%) | 52 (13.3%) 83 (13.6%) 73 (14.1%) i 135 (106237
1.58 (1.11-2.23)*
TET2 58 (1.7%) | 25(6.4%)  41(6.7%) 37 (7.2%) e\ 185 (095558
=—N\ i 1.74 (1.02-2.97)"

0 1 2 3
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Result — In AF, CHIP (+) vs. CHIP (-):
Frequency of CHIP mutations according to AF duration, LA volume index, and E/E

A) AF duration

*
30.0

lAF duration <4.3years ®mAF duration >4.3years

| (N=502) (N=502)

All CHIP
mutations

20.0

10.
1 21 8
0.0

DNMT3A, DNMT3A DNMT3A
TET2,or orTET2
ASXL1

o

TET2 ASXL1

B) LAV

All CHIP
mutations

OR 1.93 (1.07-3.49), p=0. 030

mLAVI <50 mL/m2 | mLAVI >50 mL/m2
(N=512) (N=302)
12.311.9 %

P.s
45
I 1 01 3

DNMT3A, DNMT3A DNMT3A
TET2,or oOrTET2
ASXL1

TET2 ASXL1

A higher prevalence of CHIP in AF with:
Longer duration, increased LA volume, and elevated E/E’
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C) E/E

*

mE/E'<10 mE/E' >10

| (N=581) (N=317)

All CHIP DNMT3A, DNMT3A DNMT3A TET2 ASXL1
mutations TET2,or OrTET2

ASXL1
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Result — In AF:
Dose-response relationship with CHIP VAF

A) B)

p=0.036

p=0.208

|
200- 50- I p=0.319
I

I

—

(S

o
L

AF duration (years)

Frequency (number)
g 3

20 30

(N=300)

401 | 41(1.7-7.4) || 342779

VAF, % VAF<5%  5%s<VAF<8%
(N=49)

8.1 (3.0-11.6)
5.6 (2.8-10.5)
I
—‘.—
[
¢
°0,03°
[ J
8%<VAF<14% 14%<VAF
(N=30) (N=32)

A longer duration of AF according to the higher VAF in patients with AF with CHIP of VAF > 0%
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What would be the mechanism?

 DNMT3A, TET2: Greater cardiac hypertrophy, decreased cardiac function, higher levels of fibrosis

FS (%) B HW/TL (mg/mm)
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E 4 151 W oo
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CHIP mutations might contribute to the development/progression of AF
via atrial hypertrophy and fibrosis
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What would be the mechanism?

® CHIP mutations: enhanced activity of immune cells with increased secretion of chemokines and cytokines

AT cells

Lumohoid (L)j - Enhanced CAR-T activity (TET2 mut)
ymp * Increased GvH disease and reduced relapse

e / - in allogeneic BMT (DNMT3A mut)

Hematopoietic stem cells / B @ B-cells
* Increased self-renewal (both) m

« Competitive advantage (both) Macrophages
* Myeloid bias (both) » Increased expression of chemokines
* Myeloid malignancy (both) O TR and cytokines (both)
e * Increased atherosclerosis (TETZ2 mut)
O - * Worsened heart failure (both)

Myeloid O Granulocytes
progenitors

. . - Mastcells

o * Increased expression of chemokines and
@ cytokines (DNMT3A mut)
* Enhanced activity upon allergic stimulation
(DNMT3A mut)

the higher prevalence of CHIP would be possibly due to higher inflammatory reactions in AF patients.
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Signal in our data

 Persistent AF, RFCA, LVA : 56 patients

VAF 1.5% | VAF 2.0% VAF 1.5% | VAF 2.0% WAF 1.5% | VAF 2.0%
14.8
LVA=<3% LVA>3% p-value

TET2 (VAF 1.5%) |  5/89 (5.6%) | 6/58 (10.3%) | 0.29
TET2 (VAF 2.0%) |  3/89 (3.4%) 3/58 (5.2%) | 0.59
TET2 (VAF 1.5%) |  5/60 (8.3%) 2/31 (6.5%) | 0.75

All AF

—
|
(=]

10.3

8.3
Paroxysmal AF

b
(=1

Frequency of 7TET2 (%)

TET2 (VAF 2.0%) |  3/60 (5.0%) 2/31 (6.5%) 0.77 5.6 s 53 53
- 5.0
TET2 (VAF 1.5% 0/29 (0.0% 4/27 (14.8% 0.031 :
Persistent AF ( ) (0.0%) ( 0) 4.0 3.4 3.7
TET2 (VAF 2.0%) | 0/29 (0.0%) 127 3.7%) | 0.3 I
0.0 0.0
0.0
All AF Paroxysmal AF Persistent AF

LVA<3% mLVA>3%
LVAS3% ®mLVA>3%

For persistent AF, TET2 mutation was more frequent in patients with LVA>3% than LVA<3%
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Role of clonal hematopoiesis of indeterminate potential
in angiotensin II-induced atrial fibrosis in mice

® Hypothesis
1) CHIP is associated with the development of AF via atrial fibrosis/inflammation
2) Inflammasome signaling would play a role in CHIP-AF

® Aim
In TET2(-) vs (+) mice,
1) To compare Ang ll-induced atrial fibrosis/inflammtion and AF inducibility
2) To evaluate whether inflammasome signaling blocking agent suppress Ang ll-induced
atrial fibrosis and AF inducibility
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Method — Overall scheme

Production of TET2 KO mice (13 weeks of age), n=10 for each group

Ang Il + inflammasome

Control (Saline) Ang Il signaling blocking agent

kB

Tet2 -/- Tet2 +/+ Tet2 -/- Tet2 +/+ Tet2 -/- Tet2 +/+
3 b 3wks
I. Electrophysiological study: Inducibility of AF [I. Analysis of atrial fibrosis [ll. Measurements of biomarkers
Burst pacing 100 = SR = AF A Ang Il (weeks) - - )
é“ﬂ’ s Ll g e ge O ER mm | ame
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Pilot experiment — Baseline echocardiography and ECG

® Control (n=6) / Ang Il (n=6, 1000 ng/kg/min)

Sl Dist A 2.3 mm
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Pilot experiment — 3wks BP and LA size increment

® BP elevation and cardiac hypertrophy after 3wks of Ang Il infusion (1000 ng/kg/min)

SBP DBP

P=0.002
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100 -
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0

Control Angll Control Angll Eﬁl[
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Pilot experiment — Histology of heart after 3wks

Control group Ang Il |nfu5|on group

a7 0

X200 X400 - x00 ' X400

Analysis by ImagePro, ImageJ
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Pilot experiment — AF inducibility
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Pilot experiment — AF inducibility
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Clinical perspective and translational outlook

*  Ongoing research:
« Basic research: validation in mice model
«  Follow-up of 1004 AF cohort: RFCA recurrence + stroke/heart failure hospitalization/death

1.0

0 Such as this graph?
USM v' AF recurrence/burden after catheter ablation

el v’ Stroke
E TET2/oNATA v’ Heart failure hospitalization
O 0.4
v Death ...
0.2
P (log rank) =.003 o fo
g . . . . . .| ¥ Stratified by
0 365 730 1095 1460 1825 2190 .
Follow-up, d Inflammasome blocking agent +/- ?
Mo, isk
?E?.;;IIS;IMTEA 21 18 15 11 7 3
Mo mutation 162 146 134 116 89 33

Lena D, et al. JAMA cardiology. 2019
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Clinical perspective and translational outlook

Part I. Clinical research

Part Il. Clinical research

Production of TET2 KO mice (13 weeks of age), n=10 for each group
M Control (Saline)

Ana ll Ang Il + inflammasome
9 signaling blocking agent

o 22 2P 2 %

Tet2 -/- Tet2 +/+ Tet2 -/- Tet2 +/+ Tet2 -/-

Non-AF

Tet2 +/+
@ 3 wks
I. Electrophysiological study: Inducibility of AF Il. Analysis of atrial fibrosis 1. Measurements of biomarkers
ettt éii I U i w5
"’1 lﬂy*WW‘WWWWW Pt £ S —— =
CHIP prevalence? """" e ;
gmmw W»amuuwwwwwu .

e EE
T D R = 3
W+t i
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| i i i i . ]'—I'

\ Clinical features? K

Better understanding of AF: Pathophysiology, Clinical differentiation, Prognosis

New treatment paradigm of AF
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Conclusion
From our clinical research, in AF;

® CHIP mutations are 1.4-fold more frequent

® The m/c somatic mutations are DNMT3A, TET2 (1.7-fold), and ASXL1

® CHIP(+) are older, more likely to have diabetes, and have a longer AF duration and greater E/E’ value
than CHIP(-)

® Severe LA enlargement: TET2 mutation x 1.9 1

lHlHicv Iiw -W -‘j [ ———
— CHIP might be associated with development and progression of AF
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Conclusion
Our future research will...

® (Compare angiotensin ll-induced LA fibrosis, inflammation, and AF inducibility according to the presence of
CHIP in mice

® Provide better understanding of AF from pathophysiology to new treatment strategy

AF, the m/c cardiac arrhythmia causing enormous healthcare burden

Ay

Mechanism of Clinical phenotype New
AF development Stratified prognosis treatment target

v

v
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Method — Blood pressure/Transthoracic echocardiography

* LAremodeling: AF development

) f ,\JN@
Y .y
=
BTN ﬁ
A
B ol J 4
0 (/
LA strain [’ ‘~\'
\ . l'. §
LAVi (ml/m2) ; ) E
= o LAdiameter, LV dimension, LVEF, LVFS
Rest Efe’
Exercise E/e'

Thomas L, et al. J Am Coll Cardiol. 2019; Delgado V, et al. J Am Coll Cardiol. 2017 KHRS 2023

Skl
Ciﬂ;;// SNUH E SEOUL NATIONAL UNIVERSITY
- HOSPITAL Gao S, et al. Curr Protoc Mouse Biol. 2011; Colazzo F, et al. PLoS One. 2015



Method — Continuous Ang II infusion (induce atrial fibrosis)
D)
ﬂ

* Optimal Ang Il concentration to evaluate the effect of CHIP mutations to be determined.

* Via osmotic mini-pump
* Ang Il (Sigma-Aldrich, St Louis, MO)
« 1500 ~2000 ng/kg/min, 3 wks

Z”M ¥ SNUH UE s | NCUNIVERSIRY Hong Lu, et al. 4 Vs Exp. 2015 KHRS 2023



Method — Evaluation of AF inducibility

® Atrial burst pacing by Millar 1.1F octapolar EP catheter via Rt. jugular vein.

® 5 second bursts through the catheter electrodes

1) Burst pacing started at a 40 ms cycle length,
decreasing by 2 ms in each successive burst to a cycle
length of 20 ms

2) Burst pacing was performed for a total of 3 times in
each mouse (with a 5-min break)

* AF: period of rapid irregular atrial rhythm for at least 1
second

skl
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Method — Evaluation of atrial fibrosis

® Day 22, after AF induction test
® Whole atrial tissue: 4% paraformaldehyde immersion (24 hours) — embed in paraffin — sliced into 5-mm
thick sections — H&E, Masson'’s trichrome, IHC

H&E Masson’s trichrome
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Method — Analysis of immune biomarker

. Atria | Ventricle
LWE, T, WE, T,

 MRNA expression ig Frotein S8 ar ool &
SERCA— " « . wnum == gu—100kDa
« Profibrotic signals: Collagen 1, collagen 3, a-SMA ~66 kDa
CSQwm « w mgm
* LAinflammation: IL-1b, IL-6, TNF-a, TGF-a —45 kDa
. . GAPDH— et i ol = 9
* Protein analysis T
e From frozen atrial tissue ~:Z:T v
» Western blot: TNF-a, IL-6, MCP-1, P
« Collagen 1, Collagen 3, a-SMA, TGF-, Smad2/3 "

Sk
”éfﬁ” SNUHE} SEOUL NATIONAL UNIVERSITY.  Choi EK, et al. CircJ, 2012; Li, et al. Hypertension. 2019; Li J, et al. Hypertension, 2018; Wu YX, et l. Front Physiol 2019 KHRS 2023



Method — Summary of parameters

Role of clonal hematopoiesis of indeterminate potential in
angiotensin II-induced atrial fibrosis in mice

* Physiological profile
v Body/heart weight
v Blood pressure
v’ Surface ECG
v Heart function by

transthoracic

echocardiography, etc.

« AF inducibility and duration
v'In vivo electrophysiology by

burst pacing

I I
Lgﬂg%f/ SNUH a SEOUL NATIONAL UNIVERSITY
S HOSPITAL

* Inflammation
v Histology: H&E staining, IHC (against for
macrophage)
v mRNA (qRT-PCR): IL-1B, IL-6, TNF-a, MCP-1,
v’ Protein (western blot): TNF-a, IL-6, MCP-1,
* Fibrosis
v" Histology: MT or Picrosirius red staining
v mRNA (qRT-PCR): Collagen 1, Collagen 3, a-
SMA, TGF-B
v’ Protein (western blot): Collagen 1, Collagen 3,
a-SMA, TGF-B, Smad2/3
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