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Novel cfDNA biomarker
for indeterminate pulmonary nodule discrimination:
The Cancer Signature Ensemble (CSE)
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Discrimination of malignancy in CT detected lung nodules by Cancer Signature Ensemble (CSE) of peripheral blood ¢fDNA
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BACKGROUND

+ Although low-dose CT (LDCT) screening assists in early diagnosis, its high false-
positive rate demands more accurate and minimally invasive biomarkers.

+ In LDCT screening, about 5% of cases exhibit lung nodules with a 5% or higher risk
of malignancy (Lung-RADS category 4); however, most are benign, with actual lung

ncers representing only 0.5% of the total screened population.

+ A diagnostic test is essential to avoid unnecessary invasive examinations and
identify individuals at higher lung cancer risk. Other liquid biapsy approaches using
rastricted range of biomarkers hava diagnostic limitations for early-stage cancers.
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Objective
+ To develop and validate  methad for distinguishing the malignancy of lung nodules
~ detected by low-dose computed tomography (LDCT) using whole-genome
methylation patterns, fragmentomics, and copy number variations obtained from
liquid biopsies.

- The study's outcomes aim to reduce unnecessary CT follow-ups or invasive tissue
sampling/surgery. Future research will explore its applicability as a screening test for
non-smokers or individuals at lower lung cancer risk.

Young-Chul Kim (loyc092: the pr
Research Information Service of Korea{CRIS) registration ID: KCT0D07484

Study Design and Clinical Implications
Inclusion and Exclusion Criteria

Inclusion Criteria:
- ECOG Performance Statust Must be 0 or 1.

Age: Between 50 to 80 years old
- Smoking History: Current smokers with  histary of 20 pack-years or more, or former smokers who.

more of the following conditions:

|;<we|ed in chest CT scans that are categorized as Lung-RADS category
nosed as clinical stage I4 lung cancer according ta the TNM staging

{oth econ), aviong athological Confimation a5 cancer or bamign

B. Patients suspected of having dlinical stage ITI~IV lung cancer according to the TNM staging (8th

caition), aweiing rsilogicel Gagnoss:

€. Subjects whose lung nodules were initially evaluated as Lung-RADS category 48 or 4X, and if

malignant, would be considered as ciiical stage 1A according to the TNM staging (8th edition) but

) Been determined as benign from other tests, have not bean resected, and showed no changss for

ver & manths,

b) Solid nodules tht decreased in size withaut cancer treatment after observation for more than 2

menths without a biepsy, or

) Solid nodules with na size change for over 2 years and are presumed to be benign without a biopsy.

Exclusion Criteria:
C0G Performance Stat o 4.

+ Age: Under S0 years old or ovr 00 years old.

+ Those diagnosed with and treatad for cancer in the past 5 years or cumently recsiving reatment.

Workflow of Cancer Signature Ensemble (CSE) Approach
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Clinical Implications

p-

Figure 3. Incorporasing CSE in Evabust

NPV Negstive Predictve Value
PPV: Positive Predicrive Valne

BU: Follow Up

ote: The visua slements of tuis S wwere sourced from Flascon com.

* IMIs Schemauic gelineates two 2pRrOCnEs I IeVEraging tne Lanter Signaturs

Ensemble (CSE) to assess the malignancy of indeterminate pulmanary nodules:

+ Single Stage - CSE Plus: In this approach, CSE nesults are incorporated as

singula step, assimisting the insights from cinica prediction mocels. Cepending

i CSE values (Low, Intermediate, High), subsequent interventions range from CT
suwelllanuewsurﬂew Factors like patien: preferance, performance status, and
‘anatomical location further guide clinical decisions.

. Toro Stages - linical ook Model or LUNG RADS:
+ Step 1: Initially, the malignancy probabilty is assessed using prediction models or

clinical estimations, categorizing nodules as either Clnically High Risk or Cinically
Yery High R

€ resuls are then interpreted, applying distinct cutoff values tailored to
e ooy Gepanding on the CSE TEsLR INeganee or Pasione) and e
Soeodared ok cakegors, medial acions vary from O sumvellance to surgery

Research funding: This study was supported by the National R&D Program for Cancer Control through the National Cancer Center{NCE) funded by the Ministry of Health & Welfare, Republic of Korea (HA22C0140000022)
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LDCT
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1 |

Screen Results Lung-RADS Category Description ~ Management
0 Incomplete Additional image

Negative 1 Negative LDCT at 12 months
2 Benign appearance

Positive 3 Probably benign LDCT at 6 months
4A Suspicious LDCT at 3 months or PET-CT

[ 4B Very Suspicious ] CECT, PET-CT or Biopsy

4X

Jang et al., J Korean Med Assoc, 2015
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Preprocessing of
10ng cfDNA Whole Genome Methylation Sequencing Next Generaptmn Sequencmg data
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Potentially eligible participants

n=316

n=24

Advanced stage
validation candidate

Ineligible
n=5

Y

Failed exclusion criteria: history of
cancer < 5 years previously, n=2

Failed inclusion criteria :
age<50 (n=1), age>80 (n=1)

Declined to participate
n=3

n=4

Low amount of cfDNA

Excluded from Analysis
n=32

Y

Failure to obtain appropriate tissue
n=3

v

n=18

Advanced stage Set

Metastatic cancer confirmed by biopsy
n=3

Biopsy not performed or waiting for
procedure
n=26

Sample unsuitable for analysis
n=71

4

Low amount of cfDNA
n=33

CSE Set (Combined set)

n=184

v

v

v

DNA extraction protocol deviation
n=38

Biopsy proven benign
n=24

n=116

Biopsy proven lung cancer

Benign nodule
n=68

Criteria based benign
n=44




Benign nodule Lung cancer Total P value
(n=68) (n=116) (n=184)
Age (mean + SD), years 64.3+75 685+7.4 66.9+7.7 <0.001
Male, no. (%) 65 (96%) 109 (94%) 174 (95%) 0.639
Family history of lung cancer 9 (13%) 12 (10%) 21 (11%) 0.552
Family history of any cancer 21 (31%) 39 (34%) 60 (33%) 0.702
History of previous cancer (> 5 years) 2 (3%) 5 (4%) 7 (4%) 1.000
BMI, kg/m? 23.8+3.2 23.9+29 23.9+3.0 0.898
Smoking, mean pack-year
Current smoker 33 (49%) 59 (51%) 92 (50%) 0.760
> 40 pack years 31 (46%) 81 (70%) 112 (61%) 0.001
Emphysema 40 (59%) 77 (66%) 117 (64%) 0.304
COPD 21 (31%) 47 (41%) 68 (37%) 0.191
Asthma 3 (4%) 2 (2%) 5 (3%) 0.360
ILD or ILA 2 (3%) 3 (3%) 5 (3%) 1.000
History of TB or presumed lesions 11 (16%) 15 (13%) 26 (14%) 0.542
Pneumoconiosis 0 2 (2%) 2 (1%) 0.531

36
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Benign nodule Lung cancer Total
P value
(n=68) (n=116) (n=184)
Lung nodule Type
Solid nodule 65 (96%) 98 (85%) 163 (89%) 0.029
Part solid nodule 3 (4%) 18 (15%) 21 (11%)
Pure ground-glass nodule 0 0 0
Mean diameter, millimeter 17.2+£5.5 19.3+5.0 18.6 +5.2 0.008
Upper lobe location 32 (47%) 71 (62%) 103 (56%) 0.053
Total nodules count 2.9 2.8 0.691
Nodule detection
Initial test 21 (31%) 53 (46%) 74 (40%) <0.001
New or growing nodule 18 (27%) 51 (44%) 69 (38%)
New nodule 7 (10%) 4 (3%) 11 (6%)
Growing nodule 11 (16%) 47 (41%) 58 (32%)
Others 29 (43%) 12 (10%) 41 (22%)
Lung-RADS
Lung-RADS 4B 62 (91%) 71 (61%) 133 (72%) <0.001
Lung-RADS 4X 6 (9%) 45 (39%) 51 (28%)

37



Pathologic Diagnosis Cases
Malignant nodule histology, N=116
Adenocarcinoma 53 (46%)
Squamous cell carcinoma 43 (37%)
Small cell carcinoma 6 (5%)
Large cell carcinoma 2 (2%)
Others 12 (10%)
Benign nodule (biopsy proven), N=24
Chronic (granulomatous) inflammation 10 (42%)
Active pulmonary tuberculosis 5 (21%)
Unremarkable lung parenchyma 3 (13%)
Hamartoma 2 (8%)
Atypical adenomatous hyperplasia 1 (4%)
Aspergillosis 1 (4%)
Others 2 (8%)
Pneumocytoma (sclerosing hemangioma) 0 (0%)

38
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Smoking_;, > 40 PYs

History of previous cancer (> 5 years)

Spiculation

2.63, p=0.008

o
1.60, p=0.624
o

Upper lobe location

Mean diameter

Emphysema
Family history of lung cancer
Sex

Age

2.59, p=0.009
°

1.64, 0.158

1.11, p=0.003
HH

1.37, p=0.405
°

1.07, p=0.900
°

1.99, p=0.425
o

1.07, p=0.005
Ll
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DNA H|Els} £ H Segment 417

28,245,162 CpG sites (reference genome: GRCh37)

The depth of the CpG site =2 3
(Excluding low-depth CG sites)

18,654,033 CpG sites

Building segments (grouping CpG sites)
A. Distance between neighboring CpG sites < 100bp
B. 3 or more CpG sites constitute a segment

2,639,386 segments

Trimming segments

1) Splitting long segments, making length shorter than 1K
2) Excluding X and Y chromosomes

3) Excluding blacklist locations

10bp 110bp > 100bp
L

Selected segment
length 110bp, five CpG sites

Not selected segment
length 10bp, two CpG sites

120bp > 100bp

40



Segment2| DNA H|E! 3} ™23} (AMF)
AMF: average methylation fraction

Segment 1 Segment 2

O Oy O OOy
o 2O O @ O

# of Cytosines: 7 # of Cytosines: 5
# of Thymines: 13 # of Thymines: 10
Average Methylation Fraction: Average Methylation Fraction:
0.35 0.33
Region NumCs NumTs AMF
1 7 13 0.35 . . .
Summarized methylation in each
Data S1 2 5 10 0.33 genomic region:
3 2 18 0.10 * AMF — Average Methylation Fraction

We can now compute the LR equation for this sample. Suppose we had two coefficients
(Table S4): 0.75 for Region 1’s AMF value, and 0.25 for Region 2’s AMF value.
Equation: ZMi*Xi = M,*AMF, + M,*AMF, =

©0.75*0.33 + 0.25*%1.0 = 0.25 + 0.25 = 0.5

41



DNA H|E!3} O3 7' DMR selection 1M

DMR, Differentially Methylated Region

CSE set
(combined set, N=184)

i

Y

Training Fold-1
(LC: 34, BN: 21)

Training Fold-2
(LC: 33, BN: 18)

l

v

v

Test Set
(LC: 49, BN: 29)

Marker selection

Marker selection

.

v

DMR, n=9086

DMR, n=10084

v

v

Machine learning

Machine learning

v

v

Training Fold-2

Training Fold-1

i

DMRs marker, n=30

A




DNA HE=2F 25 (AMF)2] H|2F 22 ROC HE

A AMF in training set
100- -
////
80_ //
d
2
o —]
> 60
e 40-
) -
% S
20_ p yd
AUC=0.96
g 95% CI 0.92-0.99
0"
A1 | | | | ,
0 20 40 60 80 100

100% - Specificity%
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CSE EE;-_I ﬂxél (AMF + CNR) CSE: Cancer signature ensemble

- D CSE in training set L-w-
a 100 _
f » %
l N - ;
. °\° il /-///
-é‘ 60 /// ’
- e 40 | P -
/]
? / -
20- [-—’-':.-' -
//—/"' AUC:O.96 [ -:-.. ) :
95% CI 0.92-0.99 —
0k (==
17 | | I T |  —
0 20 40 60 80 100 —
100% - Specificity% ===

DR et W ‘o 44



CSE Plus EE;-_I + Clinical models (Mayo or Brock model)

A CSEPlus (Mayo) vs. Mayo in training set B CSEPlus (Brock) vs. Brock in training set
100- — - 1004 , ———
- .y
] - e
I- -—I' //
80 : 80 Q : /
3 ! g
—a _l‘
2 go- £ go- r!
> 60 > 60 Nl
> > !
= = d
g 40- 2 409 -
w /// (7] ]
. - CSE Plus (Mayo) : CSE Plus (Brock)
2041 20| 1
~ | ==+ Mayo model AUC=0.77 < | ==+ Brock model AUC=0.80
0 l — CSE Plus (Mayo) AUC=0.95 0 ' — CSE Plus (Brock) AUC=0.97
A T T T T | AT T T T T |
0 20 40 60 80 100 0 20 40 60 80 100
100% - Specificity% 100% - Specif | e |
panmofods | | Tamnotasz || | Teset |

o
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Sensitivity%

TEST Set Validation: @|&}49, 4d:29)

CSE in Test set C CSE Plus (Mayo) in Test set D CSE Plus (Brock) in Test set
100 100 100
80— 80 80—
. R _ X i
60 é’ 60 ? 60
= e = -
= . :
40- 2 401 Nyl £ 40 I
n _: d () ' v
+  CSE Plus (Mayo) i~ CSE Plus (Brock)
20- 204 204 -7
/ CSE model AUC=0.70 = [-= Mayomodel  AUC=064 /| ==+ Brockmodel  AUC=063
0.2 95% CI: 0.57-0.82 ] ,/./ — CSE Plus (Mayo) AUC=0.72 oLV — CSE Plus (Brock) AUC=0.72
A T T T T | =L T T T T | AT T T T | |
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
100% - Specificity% 100% - Specificity% 100% - Specificity%

(combined set, N=184)

: !

| CSE set ‘

f )
Training Fold-1 Training Fold-2 1 Test Set :
(LC: 34, BN: 21) (LC: 33, BN: 18) : (LC: 49, BN: 29) i
v v i 1 '
\ ]
Marker selection Marker selection [ || % = = e v e e -
‘ DMR, n=9086 ‘ ‘ DMR, n=10084 |
‘ Machine learning | Machine learning |
‘ Training Fold-2 |:| Training Fold-1 |
DMRs marker, n=30 46



Sensitivity%

MA| CHAYKE Combined Set: @] 2H-116, 2644:68)

100

80

60

40

20

CSE in combined set

CSE model AUC=0.85
95% CI: 0.78-0.91

I I I I
20 40 60 80
100% - Specificity%

C CSE Plus (Mayo) in combined set

Sensitivity%

100

80—

60

40

20

-=- Mayo model

AUC=0.71
— CSE Plus (Mayo) AUC=0.86

T T T T 1
20 40 60 80 100

100% - Specificity%

D CSE Plus (Brock) in combined set

Sensitivity%

100

80

60

40

20

" CSE Plus (Brock)

==+ Brock model

— CSE Plus (Brock) AUC=0.87

AUC=0.72

| |
20 40 60

| |
80 100

100% - Specificity%

A
1 SE set 1
1 (combined set, N=184) 1
N e e !

: ! }
Training Fold-1 Training Fold-2 Test Set
(LC: 34, BN: 21) (LC: 33, BN: 18) (LC: 49, BN: 29)

¢ ¢ A

’ Marker selection ‘ Marker selection ‘
‘ DMR, n=9086 DMR, n=10084
Machine learning ‘ Machine learning ‘
‘ Training Fold-2 l:‘ Training Fold-1
DMRs marker, n=30 47



HZA 370 L2 CSE, CSE Plus 2] =

A Size <15 mm in combined set
100
d_| | yd
P
80 '_,/'/
e
2 [ /f
R _
s 60 — P
= S
= e
2 40- S/
& /
/"J’
20 " | — CSE model AUC: 0.71
-
S — CSE Plus (Mayo) AUC=0.82
oLl — CSE Plus (Brock) AUC=0.78
AT I T T I 1
0 20 40 60 80 100
100% - Specificity%
C Size < 20 mm in combined set
100
80
'6‘2 60_
2
2
2 40
]
W)
20 — CSE moadel AUC: 0.79
— CSE Plus (Mayo) AUC=0.84
0 — CSE Plus (Brock) AUC=0.84
T T T T T 1

0 20 40 60 80 100
100% - Specificity%

B Size 2 15 mm in combined set
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o}l 1 & 9| CSE, CSE Plus 2| ds

Cutoff point

AUC of ROC CSE Plus (Brock) with fixed Sn 90% by Youden index J

Cancer Benign  CSE C(i/lEa;';;s C(;EO'ZL‘;S sn Sp +LR -LR +PV PV -PVn Yl Sn Sp

Adenocarcinoma 53 68 086 0.7 088 091 063 246 015 066 090 096 061 083 0.78
Squamous cell 43 68 083  0.84 085 091 066 268 014 063 092 096 059 088 071
EGFR mutation 13 68 088 0.8 090 092 071 314 011 038 098 097 068 085 084
Lung-RADS 4B 71 62 085 082 085 090 063 243 016 074 085 095 061 083 077
Lung-RADS 4X 45 6 086  0.90 089 091 067 273 013 095 050 096 073 073 1.00
New or growing 51 18 071 079 081 090 044 162 022 082 062 094 055 082 072
Size < 15 mm 20 2 071 082 078 090 064 247 016 069 088 095 054 090 0.64
Size >15 mm 9 46 087 086 088 090 072 317 015 087 077 096 061 088 0.74
Current smoker 59 33 086 087 0.86 090 064 247 016 082 078 095 058 0838 0.70
Ex-smoker 57 35 083 084 087 091 060 228 015 079 08L 096 064 081 083

LR = likelihood ratio; AC=accuracy; AUC = area under the receiver operating characteristic curve; CI = confidence interval; NPV =
negative predictive value; NPVn=NPV at NSLT cancer incidence of 4B (23.5%); PPV = positive predictive value; Sn =sensitivity; Sp =
specificity
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Multivariate regression analysis:
U4 QIXS0| CcSE 2 Antoj| A

A

Age- i

Mean diameter—

.0.

Spiculation -

Smoking, 2 40 PYs

4

Lung cancer group -

1.01 (0.95-1.07), p=0.740
0.96 (0.89-1.04), p=0.351
1.10 (0.45-2.66), p=0.839
1.16 (0.49-2.79), p=0.735

| 4

& 115.58 (5.83-41.64), p<0.001

0.1 1

Odds ratio (95% CI) of CSE positive (cutoff value at Sp 50%)

|
10

III
100

4

B
Age- 9 0.99 (0.95-1.04), p=0.795
Mean diameter m 0.99 (0.92-1.06), p=0.727
Spiculation |—-—.—| 1.27 (0.63-2.60), p=0.505
Smoking, = 40 PYs - |—0—| 1.51 (0.73-3.13), p=0.265
Lung cancer group — : * 111.17 (5.02-24.85), p<0.001
o1 1 0 100

Odds ratio (95% CI) of CSE positive (cutoff value at Sp 81%)
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CSE 2

b5 P :| vl CSE Plus

Intermediate

Low cutoff value] High cutoff value

Patient preference

W
discretion natomical location

[ CT surveillance ] [PET—CT] Bronchoscopy

25tages

| 1
Clinically High Risk Clinically Very High Risk
(probability of malignancy <50% or 4B) (probability of malignancy 250% or 4X)
| |

[ csE i, ( CSE i

Negative

Positive

Negative Positive

Cutoff for high risk group Cutoff for very high risk group

CT 3 months Physicians’
after baseline discretion
| |

Patient preference
Performance status
Anatomical location

2 YA
R

Biopsy

:

[ CT surveillance ] Bronchoscopy

| Surgery |




CSE Plus(Brock) Z.&o| 2MX 0|5 21}

A CSE Plus (Brock) model in combined set
(low cutoff value at Sp: 50%, high cutoff value at Sp: 81%)

High risk

Medium risk

= Benign

Low risk = Lung cacner

r T T T 1
0 25 50 75 100

Clinical benefits of applying the CSE Plus model

Reduce unnecessary

: : 81% (55/68)
invasive procedures

Avoid delayed treatment 72% (84/116)

Benign nodules misclassified and

2 : 19% (13/68)
undergone invasive procedures
Malignant nodules misclassified and 6% (7/116) B Combined set (n=184)
were managed as a low-risk nodule
I I 1 I 1
0 25% 50% 75% 100%
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Brock score: Cancer probability 13%

CSE score: 80/100, High-cutoff: positive
CSE Plus Brock: 47/100, Low-cutoff: positive




CSE score: 80/100, High-cutoff: positive
CSE Plus Brock: 47/100, Low-cutoff: positive
I

Pathology: Squamous cell carcinoma




&~

Pulmonary a. £X|
4

Brock score: Cancer probability 15%




&~

Pulmonary a. £X|
4

Brock score: Cancer probability 15%

CSE score: 70/100, High-cutoff: positive
CSE Plus Brock: 42/100, Low-cutoff: positive




DEB:1959-07-17

CSE score: 70/100, High-cutoff: positive
CSE Plus Brock: 42/100, Low-cutoff: positive
|

Pathology: Squamous cell carcinoma




PCN biopsy

¥ .

L .. s B
. " :
A
Brock score: Cancer probability 19%

-
(32.1 fi/s




PCN biopsy

\

'\

Brock score: Cancer probability 19%
|

CSE score: 46/100, Low-cutoff: positive
CSE Plus Brock: 32/100, Low-cutoff: negative

2.1 i/5)
459 : ' a




PCN biopsy

\

Brock score: Cancer probability 19%
|

CSE score: 46/100, Low-cutoff: positive
CSE Plus Brock: 32/100, Low-cutoff: negative

2.1 73) I
45 [ i)

Pathology: Squamous cell carcinoma
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Whole-genome DNA methylation sequencing CtE AT S0|A AIE2S EX 3} E
71E

2282 2Mg 5= A= methylation-specific PCR AAFL E| X1 E A} 7}
Metd gl BHEE 5=
SEXtE I CH R CHA A 250l WGMS2 21 : DMRS HESHA MEigh =
UAULE
Mall o 1E2 (DNAC| HE Y O|M OHE AR E CpG |sIand|—f DMR MEH S
St == B 749 ™A} E 2 HEE{(gene promotor) £¢E MEiSEALE I QY
ZXTCGA HIO|E MEE 24 = E& BRE A8

TCGA HO[E{H[0] A 0] HAF 2 GIO|El = zE|o| oIF 29[o| HO|ZA HA I
oM BME HOoR FHS UM (IEROZ 7HES17| = 03], microarraysS Al
25101 MASHH R W7} HEHH 0l
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