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Summary:

We report a personalized tumor-informed technology, Patient-specific pROgnostic
and Potential tHErapeutic marker Tracking (PROPHET) using deep sequencing of 50
patient-specific variants to detect molecular residual disease (MRD) with a limit of
detection of 0.004%. PROPHET and state-of-the-art fixed-panel assays were applied
to 760 plasma samples from 181 prospectively enrolled early-stage non-small cell
lung cancer patients. PROPHET shows higher sensitivity of 45% at baseline with
circulating tumor DNA (ctDNA). It outperforms fixed-panel assays in prognostic
analysis and demonstrates a median lead-time of 299 days to radiologically confirmed
recurrence. Personalized non-canonical variants account for 98.2% with prognostic
effects similar to canonical variants. The proposed TNMB classification surpasses
TNM staging for prognostic prediction at the decision point of adjuvant treatment.
PROPHET shows potential to evaluate the effect of adjuvant therapy and serve as an
arbiter of the equivocal radiological diagnosis. These findings highlight the potential

advantages of personalized cancer techniques in MRD detection.
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Introduction:

Patients with localized non-small cell lung cancer (NSCLC) are generally offered
treatments with curative intent®. Early detection of disease recurrence is conducive to
improving the cure rate and prolonging survival. Current routine clinical surveillance
after surgery involves serial radiographic imaging. However, the utility is limited by
its low sensitivity, radiation exposure, and the demand for equipment and facility,
hence leaving unmet needs for dynamic postoperative monitoring 2. Such surveillance
tests often lag behind the actual disease recurrence and become even more
challenging in patients with equivocal scans due to posttreatment normal tissue
changes. Therefore, tests to detect molecular residual disease (MRD) biomarkers
before recurrence with superior sensitivity and precision could potentially help

improve the clinical decision-making paradigm.

Recent advances in the detection of ctDNA show promise in reflecting MRD and
monitoring recurrence in patients with nonmetastatic cancer, including NSCLC 3%,
However, MRD assays face many technical challenges. The variant allele fraction
(VAF) of mutations detected in the plasma reflects the amount of ctDNA released,
usually proportional to the tumor volume . After curative-intent treatment, the
CtDNA signal from the residual disease imputed by mean VAF drops to
0.1%-0.003% in NSCLC &7, while ctDNA was undetectable in the majority of
patients. Detection of extremely low ctDNA concentration is also impeded by a
limited volume of blood drawn and/or a low amount of cell-free DNA. Therefore,

assay sensitivity is crucial for MRD monitoring in patients with low disease burden.

The technologies applied for ctDNA detection could be broadly classified as tumor-
informed and tumor-agnostic. The sensitivity of MRD detection can theoretically be
enhanced by prior knowledge of the genetic profiling information from the
corresponding tumor tissue (tumor-informed), thus enabling monitoring the presence
of a priori tumor cell-carried mutations in plasma samples %8, as opposed to variant-

calling without prior information about tumor mutations (tumor-agnostic). In tumor-



70
71
72
73
74
75
76
7
78
79
80
81
82
83
84
85
86
87
88

89
90
91
92
93
94
95
96
97
98

informed MRD assays, the personalized assay and the fixed-panel assay are used. The
personalized approach allows deeper sequencing exclusively targeting mutations
known to exist in the tumor, hence exponentially increasing the opportunity of
capturing and identifying ctDNA fragments carrying targeted mutations. Previously,
the TRACERX study uses the personalized assay targeting up to 200 variants per
patient, achieves a specificity of 99.3%, and reveals that ctDNA is detected at or
before relapse in 82.2% (37/45) patients who experience a relapse of their primary
tumor °. In its latest updates, the authors claim 119 days of overall median lead time
for non-recurrent NSCLC patients after 4.6 years of median follow-up time, reaching
a longitudinal specificity of 95% *°. Recently, the LUCID study uses personalized
assays tracking up to 48 variants per patient and reports ctDNA presence after
treatment in 64.3% of patients who had clinical recurrence *. Zhang et al. utilize a
tumor-informed fixed-panel MRD assay (338-gene panel) and identify 87.2% (41/47)
relapsed patients within 19.7 months (median follow-up time) 2. Direct comparison
of the sensitivity and specificity of different MRD assays proposes great challenges
because of differences among the study cohorts. Therefore, one of the main purposes
of our study was to compare the detection and quantification of MRD through
personalized, tumor-informed, and tumor-agnostic fixed-panel assays in the same

patients using a head-to-head approach.

Recent studies have made consistent observations that MRD presence after surgery is
strongly correlated with shorter disease-free survival (DFS) (landmark hazard ratio
[HR]: 3.95-14.8; longitudinal HR: 8.55-50)'%15, However, several important
questions remain to be elucidated. First, what is the optimal MRD testing timepoint at
the landmark, taking into consideration both accuracy and convenience? Second,
when a positive/negative MRD status is determined in either a landmark or
surveillance scenario, how do the odds of having a relapse or remaining relapse-free
change over time? This leads to another important question — how often should
plasma samples be collected during long-term surveillance? Third, it is intuitive and

well-established that tracking canonical mutations (tier I & 11)*® is important to MRD
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monitoring®. However, how much additional sensitivity can be gained by adding the
non-canonical mutations (non-tier I & 11)*® in MRD monitoring? Is MRD positivity
detected from non-canonical mutations also predictive for poor prognosis as canonical
mutations? Fourth, MRD has been consistently reported to prelude radiological
detection in relapse monitoring with a lead time of 3 to 7 months 11217 Therefore, it
would be intriguing to see whether such MRD tests could help make earlier and more
accurate clinical decisions in the case of equivocal radiological findings. Finally,
previous studies mainly focused on binary ctDNA status, while the utility of ctDNA
quantitative dynamics during long-term surveillance has been rarely analyzed. Could
the ctDNA quantitative change further help improve predictive accuracy and precision

beyond the binary status?

Here, we report results from a prospective study in patients with early-stage NSCLC,
aiming to investigate the clinical utility of a Patient-specific pROgnostic and Potential
tHErapeutic marker Tracking (PROPHET) technology for ctDNA detection after

surgery, for some patients, and after recurrence.
Results:

Patient Characteristics and Experiment Design

Using personalized PROPHET designed from WES data, we analyzed 760 plasma
samples from 181 patients prospectively recruited for MRD analysis from the
MEDAL cohort (NCT03634826, Figure 1). This cohort predominantly consisted of
patients aged 62.7 years old with 58.0% males, including stage I lung cancer at
diagnosis (n = 115, 63.5%) and adenocarcinoma (n = 145, 80.1%, Table S1). The
overall median follow-up period was 1071 days (987—1137 days). In total, 55 patients
had adjuvant therapies, out of which 48 received chemotherapy (87.3%). A total of
7589 single nucleotide variants (SNVs) and insertions/deletions (INDELS) were
included in the panel design, each panel containing selected genomic sites from two
patients (n = 91) or one patient (n = 4) (Table S2). Among these sites, most (7511,

99.0%) were private mutations to a specific patient, while only 0.04% were shared
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among no less than 3 patients. At the same time, we applied a previously validated
LungPlasma ctDNA assay 8 covering 168 lung cancer-related genes to the same
cohort with two different methods to identify ctDNA variants (tumor-agnostic and
tumor-informed), in order to compare the three MRD methods directly (Table S3, see

STAR Methods).

Establishment of PROPHET

To determine the optimal conditions for PROPHET, the dynamic change for LOD
was first simulated and plotted for different combinations of the number of monitored
variants (m) and effective sequencing depth (n), with background noise rate (q) =
0.0001% (Figure 2A, see STAR Methods). For each designated LOD level, the
effective sequencing depth tends to saturate after 50 variants. A pilot study was then
performed using five human cancer cell lines (H2009, H2126, HCC1395, H1437, and
HCC38) to mimic tumor cells and a transformed B lymphocyte cell line GM24385 as
the normal. A panel integrating 353 tumor cell line-specific variants from the 5 cell
lines was applied to a series of contrived samples mimicking different “ctDNA”
fractions from 0.0008% to 0.5%, prepared using enzyme-fragmented DNA from these
5 cancer cell lines and diluted into GM24385 as the background (Table S4). Each
contrived sample was prepared using Burning Rock UHS DNA library prep Kit,
enriched by the 353-variant panel, and sequenced to >100,000% raw coverage. The
raw sequencing data were analyzed to corresponding cell line variants. Random
sampling of different numbers of variants on each cell line mix was applied to assess
the detection sensitivity. The site-specific background noise was in the range of 0.1%
to 0.00001% for each targeted mutation (Figure SLA-D, see STAR Methods) with the
90th percentile of SNVs at 0.002%. For each iteration, the significance site was
defined as a cutoff of p-value < 0.05, and the sample was deemed to be positive if
two or more sites were significant and the sample-level p-value < 0.005 (see STAR
Methods). As expected, the result showed that more variants lead to more sensitive
MRD detection for contrived samples while the LOD improvement tends to become

marginal after more than 50 variant sites selected (Figure 2B). To further evaluate the
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false positive rate, the sample level p-value of those non-intended variants of each
contrived sample was evaluated. For example, for HCC38 contrived sample, the 5-60
variants designed for H2009, H2126, HCC1395, and H1437 were randomly selected
to perform PROPHET and evaluated, in which the procedure was repeated 200 times.
With a threshold of sample-level p-value < 0.005 of the PROPHET algorithm, the
false positive rates were all under 0.5% (Figure 2C). In this study, the significant site
ratio was calculated for each iteration stated in Figure 2B. Even when samples were
diluted to 0.0008%, cancer cell lines showed a significant difference compared with
the negative cell line, GM24385 (p < 0.001, Figure 2D), indicating the potential low
LOD capability of the PROPHET assay. In conclusion, the PROPHET assay was
established with minimal 20 ng cfDNA input up to 50 personalized variants,

100,000x raw depth of sequencing.

LODs Study and Specificity Confirmation

The LODs and specificity studies were conducted using a newly designed 100-variant
H2009-specific panel. Fragmented H2009 DNA was serial diluted into GM24385
background with a proportion of 0.0008%-0.1% using the gravimetric method. Mixed
samples with different DNA inputs (20-100 ng) were tested by PROPHET. For DNA
input between 20 ng and 60 ng, the impact on effective sequencing depth by target
sequencing depth revealed a tendency to saturate at 100,000x (Figure 2E). To assess
the LOD at 50 loci for the PROPHET design, similar to the above cell-line study, 200
iterations of 50 randomly selected loci were applied to evaluate sample level
sensitivity and specificity. The sample level significance was determined by the
threshold aforementioned. Using Probit analysis, the LODs at 20 ng and 60 ng input
were 0.0036% and 0.0018%, respectively (Figure 2F). In order to assess the
specificity, randomly selected 50 unaltered positions, which is proximate to the
intended sites, were selected. Using these sites, the sample-level specificity was
greater than 99% at all cfDNA input amounts and dilution ratios (Figure 2G). A near-
perfect correlation (Pearson, R = 0.99, p < 0.001) was shown between estimated and

expected ctDNA fractions (Figure 2H). Significant site ratios at different levels of



185  DNA input levels were evaluated (Figure 21). Even at a 0.002% dilution level, the
186  detected significant site ratio could be differentiated from the negative samples, and

187  the higher input amounts showed higher significant site ratios.

188  In a separate validation study using Seracare ctDNA MRD Panel Mix, a commercially
189 available reference material, the contrived samples containing 4 gradients of spiked
190  ratios (0, 0.005%, 0.05%, and 0.5%) and 3 replicates for each gradient (Table S4)

191  demonstrated the LOD and accuracy similar to the above experimental results (Figure

192  S1E and F), further verifying the analytical performance of PROPHET.

193  Clinical validation with pre-operative plasmas

194  ctDNA was detected by PROPHET in 63 of 151 pre-operative plasma samples

195  (41.7%), with a positive rate of 15.7% (11/70), 40.0% (12/30), 75.0% (21/28), and
196  82.6% (19/23) among stage IA, IB, I, and 11l patients, respectively (Figure 3A and
197 S2A). In this study, the majority of personalized panels contain tracking variants

198  designed for two patients. For each patient's blood sample tested, when the

199  PROPHET analysis was performed using the opposite variant set designed for the
200  other patient, a negative result would be expected. We used this method to assess the
201  specificity. Among the 743 ctDNA samples produced on 91 panels, 18 samples were
202 detected as positive, giving a specificity estimate of 97.6% (Table S4). Patients with
203 lung squamous cell carcinomas (LUSC) showed higher ctDNA fraction levels (Figure
204 S2B), and larger tumor volume was significantly positively correlated with higher
205  levels of ctDNA fraction (Figure S2C). PROPHET showed a higher positive rate than
206 the tumor-informed and tumor-agnostic fixed-panel assays (41.7% vs. 21.9% vs.

207  17.2%, p < 0.001, Figure 3A). The ctDNA fraction estimated by PROPHET reached
208 aslow as 0.001% (Table S3) and increased as clinical stage (Kruskal-Wallis, p =

209  2e—07, Figure 3B). It was significantly correlated with the maximum allelic fraction
210 (maxAF) estimated by the tumor-informed fixed-panel assay (Pearson R = 0.68, p =

211 1.4e-5, Figure 3C).
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We next explored whether patient-specific mutation tracking translated into superior
sensitivity. The median ctDNA fraction of the 30 patients detected by PROPHET
alone was significantly lower than the 25 patients detected by all three MRD assays
(0.01% vs. 1.0%, p = 2.9¢—12, Figure 3D). For these 30 patients, 96.9% (377/389) of
detected mutations by PROPHET were not included in the fixed-panel assays (Figure
3E). Moreover, PROPHET demonstrated a higher predictive power for DFS and
overall survival (OS) at baseline than the tumor-informed fixed panel and tumor-
agnostic assays (DFS HR: 14.11 vs. 4.57 vs. 4.37, OS HR: 8.84 vs. 4.99 vs. 6.64,
Figure S2D and E).

We further compared genetic alterations and clinicopathological factors between
shedders (refers to ctDNA positive before operation) and non-shedders (refers to
ctDNA negative before operation either due to tumor biological features or technical
limitations). Regardless of subtypes, shedders carried more abundant somatic
mutations with significantly higher TP53 mutation frequency (Figure 3F) and tumor
mutation burden (TMB) value (p < 0.001, Figure S2F) than non-shedders. Shedders
were also correlated with several clinicopathologic variables (Figure S2G). After
propensity score matching (PSM) adjustment for TMB and other shedding-related
clinical variables, the pathways of P53 signaling and transcriptional mis-regulation in

cancer were enriched among shedders (Figure S2H).

Prognosis prediction by landmark MRD status

For primary landmark analysis, plasma samples at timepoint B (3—7 days post-
operation, n = 172) and C (1 month post-operation, n = 162) were collected and
assessed. The landmark MRD status determined by PROPHET showed a significant
association with DFS (timepoint B HR 5.31, p < 0.001; timepoint C HR 16.40, p <
0.001, Figure 4A). While timepoint C appeared to have a notably greater association
measured by HR with DFS than timepoint B, the difference resides primarily between
the MRD-positive groups (p = 0.018), but not between the MRD-negative groups (p =

0.692). Given the convenience of blood collection at timepoint B and similar DFS
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between the two MRD-negative patient groups identified at timepoints B and C, we
propose a hypothetical landmark MRD testing strategy in clinic as such a patient is
first assessed based on their plasma sample collected at timepoint B. If and only if the
first MRD status is positive, another sample would be collected for reevaluation at
timepoint C, and the landmark MRD status would be determined by the timepoint C
result (Figure 4B). Hypothetical application of such a “sequential double-check”
strategy in our study showed higher HR (10.88 vs. 5.31, Figure S3A) and positive
predictive value (PPV, 78.6% vs. 53.6%, Figure 4C) than that of timepoint B, with 1-
month plasma reevaluation at timepoint C only needed for 17.9% (28/156) patients

(Figure 4A), hence enabling earlier decision for MRD negative patients.

In landmark MRD detection, it is critical to interpret how its predictive power for
prognosis changes during the follow-up period. The dynamic change over time for the
negative predictive value (NPV) of the PROPHET MRD test at timepoint C was
plotted in Figure 4D, which was calculated as the percentage (y-axis) of patients who
had not recurred at the corresponding length of time from the landmark test. In
particular, the NPV was 99.3%, 95.1%, and 90.9% at 120 days, 330 days, and 600

days, respectively.

Similar to previous studies 2, there was no DFS benefit from adjuvant therapy (ADT)
for landmark MRD-negative patients after PSM adjustment of clinical factors (Figure
S3B and C). Due to insufficient patients in the non-adjuvant therapy MRD-positive
subgroup, the analysis of ADT effectiveness in the MRD-positive group was not

feasible (Table S5).

In comparison, the predictive power for DFS and OS by PROPHET was stronger than
the fixed panel assays (Figure S3D-G). Seven patients were MRD-positive by both
PROPHET and tumor-informed fixed-panel assay, while PROPHET identified an
additional 12 MRD-positive patients at timepoint C (Figure S3H). Those patients
MRD-positive in both assays had significantly worse DFS than MRD-negative
patients determined by both assays (HR 9.37, p < 0.001; PROPHET positive vs. both

10
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negative HR 21.12, p < 0.001), and MRD positives detected in both assays and
PROPHET only showed no significant difference from each other (p = 0.174, Figure
S3H).

To evaluate how much the non-canonical mutations (non-tier | & 1) * contributed to
MRD detection, we compared the prognostic value of MRD-positive patients with or
without non-canonical mutations detected. Out of 117 patients who had at least one
canonical mutation (tier I & I1) 1® included in panel design, 17 were identified to be
landmark MRD-positive, of which 8 had no canonical variants detected yet
demonstrating significantly worse DFS than MRD-negative patients, indicating
tracking non-canonical variants is also beneficial for MRD detection as tracking

canonical variants (HR 2.19, p = 0.143, Figure 4E).

Previous studies presented an additive effect of the landmark MRD with clinical stage
and tumor size on DFS prediction . In multivariable Cox regression study, the
landmark MRD positivity by PROPHET was the only independent factor associated
with prognosis (p < 0.001, Figure 4F), accounting for 85.6% of the predictive power
for DFS (Figure 4G), implying its dominating prognostic value over tumor size and
TNM stage, which was not observed in the multivariable Cox regression of fixed-

panel assays (Figure S4A and B).

Because of the outstanding prognostic power of the landmark MRD status by
PROPHET, we attempted to define a new indicator, TNMB (tumor-node-metastasis-
blood) classification for prognostic prediction (Figure 4H). In MEDAL, TNMB
showed a better prognostic effect than the TNM stage (Chi-square test, p < 0.001,
Figure 41). Then, we have also validated the predictive power of our PKU (Peking
University) TNMB indicator in two previously published datasets (LUNGCA-1 ** and
ChiCTR1900024656 °; Figure S4C-E), in which TNMB also demonstrated a more
desirable prognostic power for DFS than TNM staging.

Dynamic measurement of longitudinal MRD

11
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In total, 347 plasma samples from 110 patients, who have samples available at
timepoint C and at least one follow-up visit, were included in the longitudinal analysis
(Figure 5A and S5A). Patients were defined as longitudinally MRD-positive if they
were MRD-positive at any timepoint. DFS was greatly significantly associated with
PROPHET longitudinal MRD positive, with HR of 37.42 (p < 0.001, Figure S5B),
sensitivity of 84.2% (16/19), and NPV of 96.6% (84/87), outperforming landmark
MRD (Figure 5B). Similar trends were observed by other assays, though with lower
HRs (Figure S5B and C). The median lead time of MRD detection by PROPHET to
radiological recurrence was 299 days for 84.2% (16/19) relapsed patients, compared
with 95 days for 31.6% (6/19) relapse patients in tumor-informed fixed-panel assays,
and 129 days for 31.6% (6/19) relapse patients in tumor-agnostic assays, respectively
(Figure S5D). The NPV of longitudinal MRD maintained at 99.4%, 98.4%, and
95.5% at 180 days, 360 days, and 720 days, respectively, (Figure 5C), which was
calculated as the percentage of patients who had not recurred within a projected

interval time from each longitudinal test.

Accounting for more high-risk clinical factors, the longitudinal MRD status was the
dominant prognostic indicator with an 85.2% contribution in the multivariable Cox
model (Figure 5D and E), with far greater significance than fixed-panel assays (Figure
S5E). Stage | and stage I1-111 patients had similar DFS when grouped by longitudinal
MRD status (MRD+ group HR 0.95, p = 0.926; MRD- group HR 7.36, p = 0.103,
Figure 5F). Remarkably, while significantly fewer non-shedders were longitudinally
MRD-positive than shedders (4.8% [3/63]) vs. 45.9% [17/37], p < 0.001, Figure 5G),
those non-shedders who were MRD positive still had significantly worse outcomes
(HR 48.4, p = 0.002). These results indicate that non-shedders could also benefit from
MRD monitoring, and their preoperative undetectable ctDNA might be attributed to

low-shedding rather than non-shedding.

We further explored the utility of longitudinal MRD for assessing the efficiency of
ADT. Among 110 patients, 6 patients were MRD positive at landmark timepoint C

and had additional MRD tests at post-ADT. All four patients with detectable MRD at
12
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post-ADT eventually relapsed, while the other two patients with post-ADT MRD-
negative remained disease-free by the end of the follow-up (Figure 5H). In addition,
among seven patients with epidermal growth factor receptor (EGFR) Leu858Arg
(L858R) mutation at the landmark, two stage |11 patients received standard
chemotherapy. Both patients experienced recurrence during the follow-up (e.g.
MEDAL-026). One patient (stage 111, MEDAL-152) who received EGFR-tyrosine

kinase inhibitors (TKIs) maintained disease-free till the last follow-up (Figure S5A).

ctDNA quantification for personalized disease monitoring.

To explore the utility of the capability of ctDNA quantification, we defined a dynamic
changing rate (DCR) of ctDNA fraction between each pair of adjacent tests (see
STAR Methods) in the longitudinal analysis. Among the MRD-positive patients,
those who relapsed had a significantly larger DCR than those who remained disease-
free, a trend not observed among MRD-negative patients, implying another dimension
of prognosis prediction beyond the binary MRD status (Figure 6A). A joint Bayesian
(JB) model was conducted to predict the patient-level time-dependent recurrence risk
using all longitudinal plasma samples before a certain timepoint at t days post-
operation (see STAR Methods). An example of such predicted risk curves was shown
for patient MEDAL-010 at time t of 180, 360, and 540 days (Figure 6B), in which the
cumulative risk of recurrence at t = 540 days was dramatically increased up to over
80%, providing additional information for clinical management. The JB model of
respective tumor-informed and tumor-agnostic fixed-panel was also investigated and
further compared with the PROPHET JB model. The latter still outperformed in terms

of area under the curve (paired Wilcoxon, p < 0.001, Figure 6C).

Potential of using postsurgical ctDNA status to guide clinical decisions.

Finally, we explored whether ctDNA status could aid postsurgical clinical decisions,
particularly at later lines of ADT. Longitudinal-positive MRD was detected among
59.3% (16/27) patients before local recurrence, including 50.0% (9/18) for lung
recurrence and 77.8% (7/9) for mediastinal lymph node metastasis, and 81.0% (17/21)

patients before distant metastasis. Of 20 patients with documented metastatic sites,
13
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50.0% (2/4) of patients with brain-only metastasis, 80.0% (4/5) of patients with
abdominal metastasis, and 100% (11/11) of patients with bone metastasis were
longitudinal MRD positive (Figure 6D). Furthermore, post-recurrence blood samples
were collected from 18 patients, of which 11 patients received treatments after
recurrence and had PROPHET tests during or after treatment (Figure 6E). All seven
patients with undetectable ctDNA either survived till the end of follow-up or died
from other diseases. Among four patients with detectable ctDNA, three patients died
from cancer. This indicates the potential utility of ctDNA positivity for predicting

outcomes of later lines of treatment.

Radiographic imaging is frequently used to assess the efficacy of ADT and monitor
disease progression. However, the definitive diagnosis from cross-sectional computed
tomography (CT) imaging remains a challenge for some patients, as it is difficult to
distinguish the tumor nodules from the pulmonary tissue inflammation or fibrosis
during follow-up *°. We evaluated the MRD findings adjacent to equivocal
radiographic scans (Table S6) to study whether MRD detection might improve
diagnostic accuracy. Among 110 patients in the longitudinal analysis, 15 patients had
equivocal scans during follow-up with at least 1 longitudinal MRD test conducted
within 90 days before or after the scan (Figure S6A). Among them, 5 patients were
MRD-positive on their most adjacent test to the equivocal finding, all of whom
recurred finally, hence the PPV was 100%. Conversely, among 10 patients with
MRD-negative results within 90 days, 80.0% (8/10) of patients remained disease-free
at the last follow-up. When enlarging the window from 90 to 180 days, the number of
analyzable patients increased to 19 (Figure S6B), and the PPV and NPV of the most
adjacent MRD detection were 87.5% (7/8) and 81.8% (9/11), respectively. For
example, the first equivocal images for patient MEDAL-010 were observed at
postoperative day-253, with MRD-positive at the same time. The patient was
confirmed radiographic recurrence at postoperative day-552, with nearly 300 days of

lead-time by MRD detection (Figure 6F). For relapse-free patient MEDAL-108, the

14



382
383

384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408

409
410

MRD status remained negative while the equivocal image result appeared at

postoperative day-718 (Figure 6G).

Discussion:

The tumor-informed personalized approach has attracted considerable interest for its
potential to maximize MRD detection sensitivity. We established an advanced MRD
technology, PROPHET, based on a previously reported liquid-biopsy assay that we
have built using high-efficiency library preparation, enhanced hybrid capturing, and
UMI-based ultra-deep targeted sequencing, which demonstrated excellent sensitivity,
specificity, and robustness in a quality metric alignment study by the Sequencing
Quality Control Phase2 (SEQC?2) workgroup at Food and Drug Administration (FDA)
20, Therefore, PROPHET has the advantages of even coverage depth, low background
noise, UMI-assisted molecular level recovery, accurate quantification, and a 0.004%
LOD using 50 mutation markers with as low as 20 ng cfDNA input material. While
tracking trunk mutations shared by most tumor cells in MRD testing is intuitive, the
benefit of personalized design has not been thoroughly discussed. Besides the
abundance of ctDNA fragments, the detectability of each mutation is mostly driven by
the genomic region context of the intended mutation site and the background noise of
specific base alteration in the assay. Thus, we developed a selection algorithm to
favor the mutations that are with higher AF, hot/driver or non-synonymous mutation,
and not located in repeat or homologous regions. In the MEDAL, 98.2% of all
selected variants were non-canonical, 99.9% of which were unique to one patient.
Nearly half of landmark MRD-positive samples would not have been identified if
only canonical mutations were monitored. To our knowledge, our study is the first to
present the contribution of the non-canonical mutations in prognosis prediction,
thereby demonstrating the necessity of the personalized approach for MRD detection,
especially when sensitivity is the primary concern, e.g. when MRD-negative patients

are considered “cured” by surgery and exempt from adjuvant therapies.

Previous studies have demonstrated that ctDNA positivity is correlated with poor

clinical outcomes in NSCLC 3121517 In clinical practice, it would be important to
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standardize the blood draw timepoint for landmark MRD testing. In the MEDAL, we
proposed a “sequential double-check” strategy to achieve high predictive power while
enabling earlier decisions for 82.1% of patients. In the longitudinal context, if MRD
tests were to identify “clinically cured” patients who could be offered less or no
treatment*?2, it would become increasingly important to define an optimal testing
frequency so that a high enough NPV can be maintained throughout the monitoring
process. In the MEDAL, we conducted an exploratory analysis and found the NPV of
longitudinal MRD monitoring achieved 99.4% at 180 days, thereby suggesting that
when tested every 6 months, patients who are continuously MRD-negative could be
considered as potentially cured with high confidence. However, it should also be
noted that PPV and NPV depend on both assay accuracy and the overall occurrence
rate of events. Therefore, they should be interpreted in the context of the recurrence

rate of this cohort.

In the MEDAL, till the end of follow-up, PROPHET demonstrated a longitudinal
sensitivity of 84.2%. The 3.45% “false-negative” cases could be biologically non-
shedders or truly low-shedders when MRD tests were not frequent or sensitive enough
to catch. For shedders, regardless of stage, landmark MRD-positive patients were 6—7
times more likely to experience relapse than those with negative landmark MRD.
Meanwhile, non-shedders, with quite low odds to become longitudinally MRD-
positive, also experienced significantly worse prognosis when relapsed. In our study,
TP53 mutation and overall TMB were only enriched among shedders after PMS
balance of shedding-related variables, which is consistent with the previous study
reporting that TP53 mutation has high frequency in patients with the detectable
ctDNA 2 In addition, P53 signaling pathway and transcriptional mis-regulation in
cancer were also enriched in only shedders, calling for an in-depth exploration of
genetic, epigenetic, and immune microenvironmental features of non-shedding

tumors.

The immediate application of MRD tests is to facilitate clinical decisions on adjuvant

therapies and follow-up strategies during the landmark window. In LUNGCA-1,
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landmark MRD, TNM stage, and tumor size all showed significant association with
recurrence-free survival (RFS) in the multivariable model, demonstrating an additive
effect 2. Another two prospective cohort studies showed significant prognosis
prediction by longitudinal MRD, but not by landmark MRD *2*°, While longitudinal
MRD is valuable for relapse monitoring and potential adaptive treatment strategy, it
may result in delayed receipt of effective treatments, leading to an incurable disease.
In the MEDAL, we observed that landmark MRD status determined by PROPHET
remained the only significant factor for prognosis prediction, overwhelming all
clinical variables including the TNM stage, tumor size, and age. In the meanwhile,
fixed-panel MRD assays could not achieve such dominating effect in multivariable
analysis. If MRD tests become a part of future routine care, the combined “TNMB”
stage integrating MRD landmark status and the hallmark cancer staging system
(TNM) might provide a more informative clinical strategy for the prognostic
stratification of patients. Our data presented that such a hypothetical TNMB staging
system generated more significant separation on DFS compared with TNM stages.
Based on our findings in the MEDAL, we have initiated a national prospective phase
I11 randomized controlled trial (ChiCTR2200061108), in which adjuvant therapy
would be guided by the integration of the MRD status and TNM stage.

Another possible application for MRD is to support the radiological diagnosis during
surveillance. Guidelines for NSCLC patients recommend regularly scheduled
surveillance, including chest CT scanning 222, However, OS might not be
significantly improved by the CT-based follow-up approach 2. Particularly, in patients
with equivocal findings, clinicians may make subjective judgments or consider
repeated imaging to clarify the extent of the disease before making a treatment
decision. This is a challenge that has plagued post-operative management for many
years. Longitudinal MRD tests could serve as an arbiter of the equivocal radiological
diagnosis (e.g. MEDAL-010 and -108) to avoid duplicate follow-ups, providing great
promise to complement radiologic imaging for disease monitor. In MEDAL-010,

MRD positivity by non-canonical mutations preceded MRD positivity determined by
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canonical mutations by 187 days. In addition, we explored the sensitivity of MRD
monitoring for recurrence at different metastatic sites. In the MEDAL, all the patients
(11/11) with bone metastasis were longitudinally MRD-positive. Due to the lack of
measurable lesions, determining the therapeutic responses in these patients has
proposed a great challenge. Thus, MRD dynamic changes could provide a unique
opportunity for guiding their disease assessment. In addition, our study extended the
potential clinical utility of ctDNA detection after recurrence. Dynamic change of
ctDNA continued to show a strong association with treatment response at later lines

of treatment.

We demonstrated the quantitative change of ctDNA fractions could help improve
prognosis prediction beyond the binary MRD status. A dynamic quantitative model
was proposed to predict the time-dependent recurrence risk for each patient. Unlike
the published quantitative model developed on fixed-panel assays, which required
information such as T stage and baseline TP53 status °, our dynamic quantitative
model built on PROPHET fits well without prior knowledge of baseline clinical
factors and could be applied to all patients as a real-time and independent indicator to
predict relapse risk after surgery. Further validation studies are required to warrant the

clinical utility of this model.

Our study had certain limitations. First, due to the COVID-19 pandemic, routine
follow-up was not strictly timed every 3 to 6 months after landmark tests. Second,
PROPHET was designed based on patient-specific mutations of the primary tumor,
and thus not suitable for early detection or diagnosis of new emerging tumors.
Furthermore, the lack of transcriptomic and tumor microenvironmental data limits the
in-depth analysis of the biological features of non-shedders. Finally, the clinical utility
of PROPHET in NSCLC needs to be further validated in a multicenter prospective
study.

In summary, patient-specific tumor-informed ctDNA-based postoperative monitoring

assay supports the clinical utility of ctDNA testing for the detection of residual
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disease and recurrence in NSCLC. This could be used as a sensitive tool for
identifying patients at high risk of relapse, helping patients with diagnostic
difficulties, and even monitoring treatment responses after clinical recurrence. Our
study highlights the potential of patient-specific tumor-informed MRD assay to

deliver precise stratification of patients for personalized therapy decision-making.
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Figure Legends:

Figure 1. Overview of MEDAL study design and MRD assay

Flow diagram of the study design. In total, 181 patients were enrolled, whose paired
tumor and adjacent tissues were collected in the surgery. The plasma samples were
collected at four types of timepoints, explicitly from 157 patients at pre-operative, 178
at landmark (3—30 days after surgery), 116 during follow-up, and 18 after recurrence.
Genomic DNA was extracted from tumor tissues and paired with white blood cells.
The whole-exome sequencing (WES) library prep was performed for tumor tissues
and paired normal samples. For all variants called by WES data, up to 50 highly
ranked markers were selected and the patient-specific probe panel was designed to
cover the selected markers. The cfDNA library prep and enrichment process were
performed and captured by the personalized panel and sequenced to design a
personalized panel, PROPHET. The MRD status detected by PROPHET, tumor-
informed fix panel, and tumor-agnostic fix panel were analyzed and compared at the
abovementioned four types of timepoints to evaluate their performance in ctDNA
variant detection, prognostic prediction, and potential clinical benefits from MRD

tests for non-small cell lung cancer patients. Also see Table S1.

Figure 2. Proof-of-concept and analytical validation for PROPHET

(A) Simulation of the limit of detection (LOD) with different combinations of
monitoring variant number (m) and effective sequencing depth (n) at background
noise rate (q) of 0.0001%. (B-D) Proof-of-concept study to establish PROPHET
using 5 cancer cell line-contrived samples. (B) Initial sensitivity assessment using
serial diluted five cell-line contrived samples. Detection power as y-axis was
estimated by random sampling x (x = 10, 20, 30, 40, 50, 70) variants from each
cell line set. The average of the data of all five lines at x was used as the results for
this point. For each x and each cell line contrived sample, 200 iterations were applied.
The dot horizontal line represented a threshold of power = 0.95. (C) False positive

rate assessment with different thresholds for sample-wise p-value from the PROPHET
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algorithm using a panel designed for five cell lines. The dot horizontal liney = 0.5
represents the false positive rate of 0.5%. (D) Site-level sensitivity with different
dilutions of each cell line in normal background GM24385. (E-I) Analytical
validation study with H2009 diluted into GM24385 background and a personalized
panel of 100 H2009-specific variants. For each sample, 50 variants were randomly
selected from 100 variants to conduct MRD calculation, and the procedure was
repeated 200 times to generate enough replications for statistical validity. (E) Unique
fragment depth achieved with different combinations of DNA input amount and raw
target sequencing depth. (F) LOD estimation with probit curves for 20 ng and 60 ng
DNA input in library preparation. (G) Specificity assessment for different
combinations of DNA input and dilution ratio. The dot horizontal liney = 1.0
represents the false positive rate of 1.0%. The background noise was recalculated by
excluding the chosen 50 sites for each replication. (H) Estimation of ctDNA fraction
with serial dilutions (0.0008%-0.1%) of the contrived sample at all DNA inputs.
Error bars depict the median estimated fraction + 95% CI (repeat times = 200), and
the dotted line represents y = x. P value from Pearson correlation test. (I) Percentage
of significant variants among all targeted variants with different dilutions of cell line

for various DNA input amounts. Also see Table S4 and Figure S1.

Figure 3. Clinical validation with pre-operative plasma samples

(A) Sensitivity of pre-operative plasma from patients with different clinical stages by
three MRD assays of PROPHET, tumor-informed fix panel, and tumor-agnostic fix
panel. (B) Estimated ctDNA fraction by PROPHET for patients with different clinical
stages. The red and gray dots represent PROPHET positive and negative, respectively.
P value from Kruskal-Wallis test. (C) Correlation of quantitative results between
PROPHET and tumor-informed fixed-panel assay. The statistics of Pearson
correlation were calculated among paired MRD-positive samples defined by both
assays. P value from Pearson correlation test. (D) MRD-positive samples identified by
three MRD assays and ctDNA fractions level estimated by PROPHET for MRD-

positive patients. P value from Wilcoxon test. (E) Pie chart of the proportion of

22



585
586
587

988
589
590
591
992
993
594
995
596
097
598
999
600
601
602
603
604

605
606
607
608
609
610
611
612
613

significant variants in personalized panels that were covered by the fixed panel. (F)
Heatmap of the top 30 mutated genes from the WES data of 151 tumor tissues. Also

see Figure S2.

Figure 4. Prognostic analysis with post-operative plasma at landmark timepoints
(A) Kaplan-Meier (K-M) curves for disease-free survival (DFS) analysis on post-
operative landmark MRD by PROPHET at timepoint B (3—7 days) and C (30 days).
The hazard ratios (HR) and p-values were estimated by Cox proportional hazards
model. (B) Flowchart of the sequential double-check strategy in landmark MRD
monitoring. (C) Statistics of PPV and NPV for recurrence prediction by PROPHET
MRD at timepoint B, at timepoint C, and the sequential double-check strategy. (D)
The dynamic change of NPV over time by PROPHET at landmark timepoint C. (E)
K-M curves for DFS analysis for the 117 patients with canonical mutations covered in
their personalized panels. The hazard ratios (HR) and p values were estimated by Cox
proportional hazards model. (F-G) Coefficients of multivariable Cox model with
clinical risk factors and landmark MRD by PROPHET. The contribution percentages
were estimated using ANOVA for the multivariable Cox model. (H) The definition of
TNMB stage (B for blood) by combining TNM stage and landmark PROPHET MRD
status. (1) K-M curves for DFS analysis with TNMB and TNM classifications at the
landmark timepoint C. The hazard ratios (HR) and p values were estimated by Cox

proportional hazards model. Also see Table S5 and Figure S3 and S4.

Figure 5. Longitudinal data analysis with follow-up MRD tests

(A) Swimmer plots for 19 relapsed patients with results of longitudinal PROPHET
MRD and adjuvant treatment (ADT). (B) Statistics of sensitivity (Sen), NPV,
specificity (Spec), and PPV for recurrence prediction by PROPHET MRD of
landmark timepoint C and longitudinal analysis. (C) The dynamic change of NPV
over time for longitudinal PROPHET MRD. (D-E) Coefficients of multivariable Cox
model with clinical risk factors and longitudinal MRD by PROPHET. The
contribution percentages were estimated using ANOVA for the multivariable Cox

model. (F) K-M curves for DFS analysis with longitudinal MRD by PROPHET for
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different clinical stages. The hazard ratios (HR) and p values were estimated by Cox
proportional hazards model. (G) K-M curves for DFS analysis with different groups
of patients defined by longitudinal MRD by PROPHET and pre-operative ctDNA
positivity (shedder/non-shedder). The hazard ratios (HR) and p values were estimated
by Cox proportional hazards model. (H) The dynamic changes of ctDNA fraction
estimated by PROPHET from landmark to post-ADT timepoint for 6 out of 110
patients. The lines were colored by the patient’s DFS status, light blue color for
disease-free and orange color for relapsed by the end of follow-up. The dots reflect
the sample’s ctDNA positivity at each timepoint, blue for PROPHET MRD negative
and red for PROPHET MRD positive. Also see Figure S5.

Figure 6. Quantitative modeling for PROPHET and exploratory applications
(A) Dynamic changing rate (DCR) of ctDNA fraction by MRD status and DFS status
for all patients in longitudinal study. P value from Wilcoxon test (B) Predictive
dynamic recurrence risk ratio changes over time with accumulative MRD monitoring,
log10(ctDNA fraction) as input for patient MEDAL-010. Blue lines for MRD status,
red lines for predicted recurrence risk, and pink background for 95% CI of the risk.
(C) The area under the curve (AUC) scores for different observation time with joint
Bayesian (JB) models trained on three MRD assays. The final relapse status was
treated as response. P value from paired Wilcoxon. (D) MRD-positive rate for
different recurrence sites among 48 relapsed patients. (E) Swimmer plots for 11
relapsed patients with continuous MRD monitoring results and therapy after
recurrence. The observed time (x-axis) began from recurrence till the last follow-up or
death for each patient. (F) Results of longitudinal MRD tests and imaging scans for
patient MEDAL-010 at different follow-up timepoints. Equivocal lesions by
computed tomography scan are presented in light yellow circles, while the metastatic
lesions are presented in red circles. Red dots in the curve represent MRD-positive
detection. (G) Results of longitudinal MRD tests and imaging scans for patient
MEDAL-108 at different follow-up timepoints. Equivocal lesions by computed

tomography scan are presented in light yellow circles, while the metastatic lesions are
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STAR Methods

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to

Kezhong Chen (chenkezhong@pkuph.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
The sequence data and the code and scripts used in PROPHET have been deposited at
the National Omics Data Encyclopedia (NODE) and Github. The accession number is

listed in the Key Resources Table.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Participants

Participants included in this study were enrolled in the MEDAL (MEthylation-based
Dynamic Analysis for Lung Cancer) study (NCT03634826), of which the detailed
study plan was reported 24, The MEDAL study is a prospective study to confirm the
value of circulating tumor DNA and its aberrant methylation in the longitudinal

monitoring of surgical lung cancer patients.

In total, 387 participants who provided written informed consent and were suspected
of stage IA to Il lung cancer based on the radiology examination results and
candidates for curative surgery, were consecutively enrolled at the Department of
Thoracic Surgery of the Peking University People’s Hospital from August 2018 to
July 2019. Patients were been excluded in the following conditions: (1) pure ground-
glass opacity (pGGO), (2) history of neoadjuvant therapy, including chemotherapy,

radiotherapy, targeted therapy, or immunotherapy prior to surgery, (3) history of a
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malignant tumor within 5 years, (4) multiple primary lung cancer, which cannot be
completely resected, (5) other types of lung cancer rather than NSCLC confirmed by
pathological diagnosis, (6) pathological stage I11B-N3 or 1V, (7) unqualified or failure
to obtain blood or tissue samples, (8) refused or withdrawn consent, and (9)
circumstances inappropriate for this study, such as blood transfusion, gestation,

lactation, etc.

Ethical Approval and Consent to participate

This study was performed according to the Declaration of Helsinki in 1964 and its
current amendments. The study protocol was approved by the Medical Ethics
Committee of the Peking University People’s Hospital (approval number:
2018PHBO077-01). Written informed consent was obtained from every patient before

study enrollment.

METHOD DETAILS

DNA extraction and quality control

Surgery or biopsy tumor tissue was prepared as formalin-fixed and paraffin-embedded
(FFPE) sections, and tumor fraction for each sample was determined after
hematoxylin and eosin staining. Genomic DNA (gDNA) was extracted from tumor
tissues with pathological tumor cellularity of 30% or above using a QlAamp DNA
FFPE tissue kit (Qiagen, Hilden, Germany) or MagPure FFPE DNA Kit (High Pure)
(Magen, Guangzhou, China). Matched genomic DNA was extracted from EDTA-
anticoagulated peripheral whole blood or buffy coat samples using MagPure
Universal DNA Kit (Magen, Guangzhou, China) according to the manufacturer's
instructions. DNA concentration was measured by the Qubit™ dsDNA HS assay
(Thermo Fisher, Carlsbad, CA, US). For circulating cell-free DNA (cfDNA),
approximately 10 mL of peripheral blood sample was obtained and stored in Cell-Free
DNA BCT tubes (Streck, La Vista, NE, US). The collected sample was centrifuged at
2,000 g and 4°C for 10 min within 72 h of collection. The supernatant was transferred
to a 15 mL centrifuge tube and centrifuged at 16,000 g and 4°C for 10 min. The

supernatant was then transferred to a new tube and stored at —80°C until further use.
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cfDNA was recovered from 4 to 5 mL of plasma by using the QlAamp Circulating
Nucleic Acid kit or QIAsymphony DSP Circulating DNA Kit (Qiagen, Hilden,
Germany). Quantification of cfDNA was conducted with the Qubit™ dsDNA HS
assay (Thermo Fisher, Carlsbad, CA, US).

Whole exome library preparation and sequencing

The whole-exome sequencing (WES) library prep was performed using Twist Human
Core Exome kit (Twist Bioscience, South San Francisco, CA, US) according to the
manufacturer's recommendations. Briefly, FFPE DNA samples and paired white
blood cell (WBC) gDNA samples were sheared using M220 Focused-ultrasonicator
(Covaris, Woburn, MA, US) to peak size 200 bp. Sheared DNA samples were end-
repaired and dA-tailed, followed by ligation with Universal Adapters. After post-
ligation cleanup, ligated products were polymerase chain reaction (PCR) amplified
with index primers. The number of amplification cycles used varied during library
preparation according to the manufacturer's recommendations. Exome capture was
performed with Twist Fast Hybridization and Wash Kit, using a 33 Mb Human Core
Exome panel and a customized-designed supplementary panel. Up to 8 libraries were
multiplexed in one capture reaction, and 400 ng of each library was used as input.
Final libraries of WES were quantified using Qubit™ dsDNA HS assay (Thermo
Fisher, Carlsbad, CA, US). After library size-distribution determination by using a
LabChip GX Touch System, the libraries were sequenced on NovaSeq 6000
sequencer (Illumina, San Diego, CA, US) with 2 x 151 bp pair-end reads with unique
dual index, with a mean target coverage of 500x for tumor samples and 150x for

paired normal samples.

WES data analysis platform

All the analyses on WES reads data were performed using Illumina DRAGEN Bio-IT
Platform (Illumina, Inc., San Diego, CA, US) unless otherwise indicated. FastQ files
were generated from raw BCL data using the DRAGEN Bcl Convert pipeline v3.7.4.
Adapters were trimmed by using fastp v0.23.0 %, and reads length <50 bp were

discarded. Clean reads were mapped to the human reference genome (NCBI GRCh37;
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hg19) 25, and PCR duplicates were marked for filtering in the downstream analysis.
As a quality-control (QC) process for all samples captured by the Human Core Exome
panel, tumor and paired normal alignments were checked for multiple QC parameters
using the in-house software to assess capture efficiency, coverage uniformity, and
library complexity. SNVs and INDELSs were called if the variant supporting reads > 5
and mutation VAF > 3%. According to EXAC, 1000 Genomes, dbSNP, and
ESP6500SI-V2 databases, variants with a population frequency > 0.5% in tumors
were grouped as single-nucleotide polymorphisms (SNPs) and excluded from further
analysis. In order to get real somatic mutations, for each variant, the ratio of tumor AF
to paired-normal AF was calculated. Any variant called from a tumor with the ratio <
3 or both tumor and paired-normal AFs > 10% were excluded. All variants passing

the applied filters were annotated with ANNOVAR 2" and SnpEff v3.6 %,

Personalized Panel design

Patient-specific somatic variants were identified by analysis of the primary tumor and
matched normal WES samples (Table S2). For a given set of variants, up to 50 highly
ranked variants with a VAF > 3.0% were selected for panel design. The selection of
somatic variants followed proprietary rules developed in-house to prioritize high VAF
and high-impact mutations. Briefly, variants falling in the repetitive regions, regions
with a high GC content (> 75%), and homologous regions were filtered out. The
biotinylated capture probe pool was produced in-house based on each personalized

panel design.

cfDNA library preparation and sequencing

The library prep and enrichment process were performed using Burning Rock UHS
unique molecular identifier (UMI) library preparation kit with minor modifications.
Briefly, up to 60 ng extracted cell-free DNA samples were end-repaired and dA-
tailed, followed by ligated with adapters containing UMI. Post-ligation cleanup was
performed using SPRI beads and then ligated products were PCR amplified with
universal adapter primers using 9 cycles. Libraries were cleaned up and quantified

using Qubit™ dsDNA HS assay (Thermo Fisher, Carlsbad, CA, US). A minimum of
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1 microgram of each library was hybridized and captured by a personalized
biotinylated probe panel with a proprietary hybridization enhancer or the fixed panel
LungPlasma for 12-16 hours. After affinity purification by streptavidin magnetic
beads and stringency wash, the target enrichment library was further amplified with
indexed primers using 16 cycles of PCR. Final libraries of cfDNA were cleaned up
and quantified using Qubit™ dsDNA HS assay (Thermo Fisher, Carlsbad, CA, US).
Ultra-deep UMI-based sequencing was performed on a NovaSeq 6000 platform
(IMumina, San Diego, CA, US), with 2 x 151 bp paired-end reads and a target raw
depth of 100,000x for PROPHET and 35,000% for LungPlasma.

Somatic mutation caller for tumor-agnostic and tumor-informed assay using
fixed targeted panels

The fixed panel LungPlasma spanning 273 kb of the human genome, covering 168
genes that are frequently mutated in lung cancer and other common cancers, was
described in our previous report 2°. The raw sequencing data analysis and tumor-
agnostic somatic mutation calling were performed with the in-house bioinformatics

pipeline reported before 18,

Considering paired tumor tissue calling results in the tumor-informed caller, the
variants would be treated as false positive and filtered out if they were not detected in
paired tumor tissue. Besides, a bunch of extra variants with low VAF could be
reported when the mutation (short insertion/deletion) was supported by > 4 paired
reads or AF > 0.1% in the plasma sample and was reported in the paired tumor tissue

sample.

PROPHET site-level variant calling and significance assessment

The PROPHET ctDNA libraries were prepared with custom adapters that contain 6 bp
UMIs. The UMIs were extracted into read name with the structure “UMILUMI2”
using homebrew software. Sequencing reads were initially mapped to the human
reference genome (NCBI GRCh37; hg19) by using BWA v0.7.10 °. The consensus

reads were created using homebrew software based on UMI sequence and read
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alignment position. The consensus reads were remapped to the hg19 reference using
BWA v0.7.10. Read families were first created by a single-stranded consensus
sequence (SCS) approach. After that, the duplex consensus sequence (DCS) was
created upon availability. Finally, in order to reduce the noise, we only allowed
variants with the following evidence to get into the further analysis: 1) has DCS
support and at least one side SCS family has > 2 members, and 2) only has SCS
support, but the family size > 3. For each personalized tumor-specific allele inspected,
the wide type (WT) bases and the mutant (MT) bases occurrence were counted to
calculate the variant allele frequency (VAF), where VAF = MT / (MT + WT). The
assumption of a Poisson distribution was used to calculate the significance of each
informed mutation in the PROPHET assay. In detail, each informed tracking site,
based on genomic context, was categorized into a trimer model, such as CAG ->
CGG, where the middle base represents the actual mutation. The p-value of
cumulative probabilities of a tracking site alteration was calculated based on the
observed VAF values and the corresponding alteration background noise in the
sample. For a given trimer (e.g., CAG) with an observed coverage depth of n, when
the number of reads of its altered version (e.g., CGG) is x, the probability (p-value) of

detecting this trimer by chance is:

x—1
/1k
p=1-) "
L k!

where 1 = n * p(CAG - CGG), and p(CAG — CGG) represents the background VAF
in this sample. In this study, the site is determined as positive if the p-value < 0.05

(Table S3).

For each type of alteration including SNV and INDEL, the background noise

estimation was described in the following two sections.

SNV background error estimation
The sample-specific background is estimated from the probe-targeted region except
for selected patient-specific mutations. For SNV background estimation, we focused

on the trimer alteration (e.g. CAG—>CGG) where the middle base is altered. There are
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64 types of trimer combinations and 3 alteration types for each trimer. The specific

steps of sample-specific background noise calculation are:

1)

2)

3)

4)

5)

For all base positions in the panel targeted region, identify corresponding trimers
based on reference sequences.

Based on panel design, remove all intended tumor-informed somatic mutation
sites and other sites that need to be excluded such as sites with low base quality.
For the remaining sites, calculate each trimer alteration’s background noise level
by site.

Remove any sites with background noise higher than 0.5% to avoid other potential
interference.

Integrate each trimer alteration information by type and calculate the trimer

alteration frequency for this sample.

The background noise for different SNV trimer alterations using the MEDAL cohort

is shown in Figure S1A.

INDEL background error estimation

INDEL mutation can also be used in this method. When calculating the sample-

specific INDEL background, it is divided into two categories: 1) random INDEL, and

2) INDEL in the short tandem repeat (STR). The calculation of the sample-specific

background of INDEL is similar to that of SNV, specifically:

1)

2)

3)

For all base positions in the panel targeted region, other than the informed tracking
INDEL, based on their reference sequences, count the number of INDEL signals
by alteration type and calculate mutation frequency.

Remove the site with a certain INDEL frequency greater than 0.5% to prevent other
unintended nearby mutations from interfering with the background calculation.
Integrate the information and calculate the frequency of each mutation based on
the INDEL alteration type, as the specific INDEL background noise level for this

sample.
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For random INDELSs, it is divided into two categories: 1) the insertion or deletion of a
single base, and 2) the two or more bases. The calculation of the background of these
two categories is the same as the SNV as described above. For a single base INDEL,
we combine the previous base with the INDEL base to count the relevant frequencies
respectively. For INDELSs with 2 or more bases, due to the excessive number of base
combinations, only the length of INDELSs instead of base composition was used to

group and calculate noise estimation.

In the STR region, the noise usually appears as the insertion or deletion of the whole
repeat unit. For certain STR, if an INDEL of the repeat unit(s) has been observed, we
define the repeat unit length as m (m = 1, 2, ...), repeat times in REF as ny(ny =
2,3,...), and the repeat times change in ALT asn;(n; = 1,2, ..., ng), the
corresponding background noise p follows,

(m)

p(ng,nyIm) = explal™ + a™ xny — a{™

* 1y}
Where a™, ai™, a{™ are coefficients estimated by INDEL counts of the STR in the

sample. The INDEL background estimation for different repeat types of spike-in cell-

line samples were presented in Figure S1B, S1C, and S1D.

PROPHET sample-level MRD calling and ctDNA fraction estimation
The ctDNA fraction in plasma samples was estimated based on multiple loci using the
maximum likelihood (ML) method. Assuming that the ctDNA fraction is z, the VAF
of the i-th somatic mutation in the tumor tissue sample is g;, and the corresponding
background VAF in the plasma sample is p;, then the expectation of VAF (f;) in the
plasma sample satisfies:

fi=nmq+ (1 —mp;
l;(m) is the posterior probability of the i-th somatic mutation and the equation was as

follows:

(nifi)*

Xi!

e Nifi

li(m) =
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869  where, n; represents the effective coverage depth of the i-th somatic mutation and x;
870 is the target sequencing depth of the i-th somatic mutation. The log-likelihood

871  function of mis:
872 I(m) = Z log(1;(m; x;, i, i, 1))
i

873 @ was obtained by performing ML estimation on 7. The null hypothesis &= = 0 was

874  tested by the likelihood ratio test, and the likelihood ratio statistic is as follows:
875 LRT(®) = =2 % (1(0) — I(®) )~x?
876  The p-value was then calculated using the probability density function of the y2

877  distribution. For the PROPHET algorithm, the sample-level p-value threshold is
878  0.005%.

879  Theoretical derivation for the limit of detection
880  Following the model assumption described above, the maximum estimator

881  # asymptotic follows normal distribution 3,

882 <N (o, I, (o) ™)
n 32
883 I (mo) = E [— Zi=1ﬁli(ﬂ0)]‘

884  Where [;(m) represents the likelihood function for mixed poison distribution.

885  Therefore, the fisher information matrix I,,(1r,) could be derived as follows,

n n

X _ o _ Ni(p; — q))?
—Z _?(pi - %)2] = ;—i(?i —q)* = Zﬂopi + (-4,

i=1 i=1

886  I,(my) =E

887  Where n; denotes observed coverage depth, p; denotes tumor tissue VAF, g; denotes
888  the background VAF. Assuming all mutation VAF p; equals to 1 and all background
889  VAF equals to g, in the nominal level of (1 — a), the rejection region for H,: my >

890 0 was

e+ (1—m
891 7T0>Z1_a\/0 (1 = mo)q

mn(1l — q)?
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Which means that within the condition of n coverage, m personal mutation loci and q
background error rate, the LOD value follows the equation below,

mn(1 —q)?LOD? — Z,_,*(1 —q)LOD — Z,_,*q =0

The dynamic quantitative ctDNA change model utilizing PROPHET results
A dynamic changing rate (DCR) of ctDNA fraction between each pair of adjacent

plasma points was defined as,

m(ty) — m(ty)
t, — iy
If p(t) is positive, it means that the level of ctDNA in the patient's blood increases

p(ti2) =

over time, suggesting that the patient is at risk of relapse, otherwise there is no risk.
Furthermore, a joint Bayesian model was developed to predict the dynamic risk of
recurrence around surveillance for each patient 2. The joint model was presented as
follows,

hi(t) = ho exp{p * ¢;()}
In the Cox proportional hazards sub-model, the hazard function was denoted as h;(t),
and h, was the basic hazard ratio. We also took into consideration other baseline
clinical factors for model construction, such as tumor-shedding and TNM stage, but it
showed no benefits to the model prediction. In the time-dependent dynamic sub-
model ¢;(t), natural cubic splines with three degrees of freedom were used for both
the fixed- and random-effects parts of the mixed model based on the shapes of the
dynamic change curve of ctDNA fraction. An R package JMbayes?2 (v0.2-8) was used
to estimate the parameters of the joint Bayesian (JB) model and to predict the
recurrence risk ratio in time t using the ctDNA fraction values of plasma samples

drawn before time t.

Quantification and statistical analysis
Data were analyzed using the R software (version 4.1.0). A range of appropriate

statistical hypothesis testing techniques were applied, including Fisher’s exact test,
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Wilcoxon signed-rank test, Pearson correlation test, or Spearman rank-order, to
identify potential significant differences among the groups. Survival analyses were
performed using the Kaplan-Meier method with log-rank test. Hazard ratios (HR)
with corresponding 95% confidence intervals (CI) were calculated using univariable
Cox proportional-hazards regression model. Multivariable analyses were also
performed using Cox proportional-hazards regression model. ANOVA was applied to
evaluate the contribution of variables in Cox proportional-hazards regression model.

P-values < 0.05 were considered statistically significant.
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Supplemental material legends

Figure S1. Proof-of-concept study of site-specific background noise estimation
and analytical validation study with Seracare standards, Related to STAR
methods and Figure 2

(A) The background noise estimations for all different trimers and alteration types in a
proof-of-concept study. The width of the box represents the variance of all samples
for each trimer and alteration type. (B—D) The background noise estimations with the
number of repeat times for reference and the number (1-3 bp) of base insertion or
deletion when the reference is the single-base repeat (B). The background error
estimations with different repeat times (2-9 times) and different repeat bases
(A/TIC/G) when the reference is the single-base repeat (C). The background error
estimations with the number of repeat unit length for reference and the number of
repeat times (2-9 times) when the reference is the tandem repeat (D). (E-F)
Analytical validation study with Seracare standards Correlation between Prophet-
predicted ctDNA fraction and Seracare ctDNA MRD standards blended ratio (0%
[WT], 0.5%, 0.05%, and 0.005%). Error bars depict the median estimated fraction
95% CI (repeat times = 200) (E). Significant ratios of targeted variants for different

diluted standards with three replicates in each dilution (F).

Figure S2. Clinical validation with pre-operative plasmas, Related to Figure 3
(A) MRD results of PROPHET and two fix-panels using pre-operative plasma
samples in different histological subtypes of NSCLC, lung adenocarcinoma (LUAD,
left), and lung squamous cell carcinoma (LUSC, right). (B) Estimation of ctDNA
fraction with different subtypes of NSCLC by PROPHET. (C) Pearson correlation
between tumor volume and ctDNA fraction detected PROPHET for all MRD-positive
patients. (D) K-M curves for DFS analysis on pre-operative MRD by three assays,
PROPHET (left), Tumor-informed (middle), and Tumor-agnostic (right). (E) K-M
curves for OS analysis on pre-operative MRD by three assays, PROPHET (left),
Tumor-informed (middle), and Tumor-agnostic (right). (F) Comparison of TMB score

for tumor WES data between shedder and non-shedder with (left) and without (right)
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PMS adjustment for shedding-related variables. (G) Correlation matrix between
biological variables and ctDNA-shedding status. The correlation test was applied
using Pearson correlation method for continuous variables and Kruskal-Wallis test for
categorical variables. (H) Gene pathway enrichment analysis between shedder and

non-shedder after PMS adjustment for TMB and clinicopathologic variables.

Figure S3 Prognosis prediction by the landmark MRD status, Related to Figure
4,

(A) K-M curves for DFS analysis for MRD status at timepoint B and by sequential
double-check strategy. (B—C) Prognostic analysis with adjuvant therapy for landmark
MRD-negative group. K-M curves for DFS analysis with adjuvant therapy for
landmark MRD-negative group (B). K-M curves for DFS analysis with adjuvant
therapy for landmark MRD-negative group after propensity score matching
adjustment for baseline clinical factors. After PSM adjustment, 20 matched pairs of
patients were selected for comparison including 6 in stage I, 11 in stage 11, and 3 in
stage 111 (C). (D—G) Prognostic analysis with landmark MRD status by three assays.
K-M curves for DFS analysis of the landmark MRD by three assays at timepoint B
(D) and timepoint C (E) by three assays. K-M curves for OS analysis of the landmark
MRD by three assays at timepoint B (F) and timepoint C (G). (H) K-M curves for
DFS analysis at timepoint B of patients MRD-positive identified by PROPHET and
by both PROPHET and tumor-informed panel.

Figure S4. Multivariable Cox model with landmark MRD by fixed-panel assays
and TNMB staging validation, Related to Figure 4.

(A-B) Coefficients of multivariable Cox regression model with clinical risk factors
and MRD status by fixed-panel assays, tumor-informed (A) and tumor-agnostic (B).
The contribution percentages were estimated using ANOVA for the multivariable Cox
model. (C—E) K-M curves for DFS analysis with the landmark TNMB stage of
published datasets from LUNGCA-1 study (C), ChiCTR1900024656 study (D), and
combined data of these two studies with PROPHET study (E).
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Figure S5. Prognostic analysis with longitudinal MRD results from three assays,
Related to Figure 5

(A) Swimmer plots for all patients without relapse in this study. (B—C) K-M curves
for DFS (B) and OS (C) analysis with longitudinal MRD status by three assays
PROPHET (left), tumor-informed (middle), and tumor-agnostic (right). (D) The lead
time of MRD detection by PROPHET, tumor-informed fixed panel, and tumor-
agnostic fixed panel. (E) Coefficients of multivariable Cox model with clinical risk
factors and longitudinal MRD status by fixed panel assay, tumor-informed (upper),
tumor-agnostic (down). The contribution percentages were estimated using ANOVA

for multivariable Cox model.

Figure S6. Complementary information provided by PROPHET MRD for
patients with equivocal imaging findings, Related to Figure 6

(A) Swimmer plot for 15 patients with equivocal image scan and nearby MRD
monitoring by PROPHET. The patients were selected with equivocal scans during
their follow-up with at least one longitudinal MRD test conducted within 90 days
before or after the scan. (B) Swimmer plot for 19 patients with equivocal image scan
and nearby MRD monitoring by PROPHET. The patients were selected with
equivocal scans during their follow-up with at least one longitudinal MRD test

conducted within 180 days before or after the scan.

Table S1. Clinical and demographic characteristics of the study participants,
Related to Figure 1

Table S2. Personalized panel design information for each patient, Related to
STAR Methods

Table S3. Three MRD assays and bioinformatics analysis comparison, Related to
STAR Methods

Table S4. Summary of Proof-of-concept study and validation studies, Related to

STAR Methods and Figure 2
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1014  Table S5. Clinical and demographic characteristics correlations with adjuvant
1015  therapy, Related to Figure 4

1016  Table S6. Summary of longitudinal imaging scan results, Related to Figure 6
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Key Resource Table

¢ CelPress
Key resources table
REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples
Tumor biopsies and peripheral blood of lung cancer Kang et al. 24 https://clinicaltrials.

patients (MEDAL study)

gov/ct2/show/NCTO
3634826

Critical commercial assays

HS UMl library prep kit

Burning Rock

Cat# RSO7P-12

Human Core Exome panel

Twist Bioscience

Cat# 102027

Fast Hybridization and Wash Kit

Twist Bioscience

Cat# 104181

MagPure FFPE DNA Kit (High Pure) Magen Cat# D6323-02B
MagPure Universal DNA Kit Magen Cat# MD5105-02
QlAamp DNA FFPE tissue kit Qiagen Cat# 56404
QlAamp Circulating Nucleic Acid kit Qiagen Cat# 55114
QIlAsymphony DSP Circulating DNA Kit Qiagen Cat# 937556
Qubit™ dsDNA HS assay Thermo Fisher Cat# Q32854
Mechanical Fragmentation Library Preparation Kit Twist Bioscience Cat# 101281
Universal Blockers Twist Bioscience Cat# 100767
Deposited data
Raw data This paper https://www.biosino.
org/node/project/det
ail/OEP004204
LUNGCA-1 Xie et al. 4 N/A
ChiCTR1900024656 Qiuetal. ©® N/A
Experimental models: Cell lines
Human: H2009 ATCC RRID: CVCL_1514
Human: H2126 ATCC RRID: CVCL_1532
Human: HCC1395 ATCC RRID: CVCL_1249
Human: H1437 ATCC RRID: CVCL_1472
Human: HCC38 ATCC RRID: CVCL_1267
Human: GM24385 ATCC RRID: CVCL_1C78
Software and algorithms
DRAGEN Bcl Convert pipeline (v3.7.4) N/A https://support.illum
ina.com/sequencing/
sequencing_softwar
e/dragen-bio-it-
platform/downloads.
html
Fastp (v0.23.0) Chenetal. ® RRID:SCR_016962
ANNOVAR (20160201) Wang et al. %’ RRID:SCR_012821
SnpEff (v3.6) Cingolani et al. 8 RRID:SCR_005191

R package JMbayes2 (v0.2-8)

N/A

https://cran.r-
project.org/web/pac
kages/JMbayes2/ind
ex.html




¢? CellPress

BWA (v0.7.10)

Aligning sequence
reads, clone sequences
and assembly contigs
with BWA-

MEM. arXiv:1303.3997

V2

RRID:SCR_010910

Code and scripts used in PROPHET This study https://github.com/b
nr-cdx/prophet

Other

Cell-Free DNA BCT tubes Streck Cat# 230244

M220 Focused-ultrasonicator Covaris Cat# 500295

LabChip® GX Touch™ Nucleic Acid Analyzer PerkinElmer Cat# CLS138162

Novaseq 6000 System Illumina Cat# 20012850

NovaSeq 6000 S4 Reagent Kit v1.5 (300 cycles) Illumina Cat# 20028312
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Figure S1. Proof-of-concept study of site-specific background noise estimation and analytical

validation study with Seracare standards, Related to Figure 2

(A) The background noise estimations for all different trimers and alteration types in a proof-

of-concept study. The box represents the variance of all samples for each trimer and

alteration type. (B—D) The background noise estimations for all insertions (deletions) in

genomic repeat regions. The background noise estimations with the number of repeat times

for reference and the number (1~3 bp) of base insertion or deletion when the reference is the

single-base repeat (B). The background error estimations with different repeat times (2~9

times) and different repeat base (A/T/C/G) when the reference is the single-base repeat (C).

The background error estimations with the number of repeat unit length for reference and the

I+
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number of repeat times (2~9 times) when the reference is the tandem repeat (D). (E—F)
Analytical validation study with Seracare standards Correlation between Prophet-predicted
ctDNA fraction and Seracare ctDNA MRD standards blended ratio (0% [WT], 0.5%, 0.05%,
and 0.005%). Error bars depict the median estimated fraction £95% CI (repeat times = 200)

(E). Significant ratios of targeted variants for different diluted standards with three replicates

in each dilution (F).
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Figure S2. Clinical validation with pre-operative plasmas, Related to Figure 3

(A) MRD detection results of PROPHET and two fix-panels using pre-operative plasma

samples in different histological subtypes of NSCLC, lung adenocarcinoma (LUAD, left) and

lung squamous cell carcinoma (LUSC, right). (B) Estimation of ctDNA fraction with

different subtypes of NSCLC by PROPHET. (C) Pearson correlation between tumor volume

and ctDNA fraction detected PROPHET for all MRD-positive patients. (D) K-M curves for

DFS analysis on pre-operative MRD by three assays, PROPHET (left), Tumor-informed



(middle), and Tumor-agnostic (right). (E) K-M curves for OS analysis on pre-operative MRD
by three assays, PROPHET (left), Tumor-informed (middle), and Tumor-agnostic (right). (F)
Comparison of TMB score for tumor WES data between shedder and non-shedder with (left)
and without (right) PMS adjustment for shedding-related variables. (G) Correlation matrix
between biological variables and ctDNA-shedding status. The correlation test was applied
using Pearson correlation method for continuous variables and Kruskal-Wallis test for
categorical variables. (H) Gene pathway enrichment analysis between shedder and non-

shedder after PMS adjustment for TMB and clinicopathologic variables.
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Figure S3 Prognosis prediction by the landmark MRD status, Related to Figure 4.

(A) K-M curves for DFS analysis for MRD status at timepoint B and by sequential double-
check strategy. (B—C) Prognostic analysis with adjuvant therapy for landmark MRD-negative
group. K-M curves for DFS analysis with adjuvant therapy for landmark MRD-negative
group (B). K-M curves for DFS analysis with adjuvant therapy for landmark MRD-negative
group after propensity score matching adjustment for baseline clinical factors. After PSM
adjustment, 20 matched pairs of patients were selected for comparison including 6 in stage I,
11 in stage II, and 3 in stage III (C). (D—G) Prognostic analysis with landmark MRD status by
three assays. K-M curves for DFS analysis of the landmark MRD by three assays at timepoint
B (D) and timepoint C (E) by three assays. K-M curves for OS analysis of the landmark MRD
by three assays at timepoint B (F) and timepoint C (G). (H) K-M curves for DFS analysis at
timepoint B of patients MRD-positive identified by PROPHET and by both PROPHET and

tumor-informed fixed-panel.



A Hazard ratio

Tumor informed ?‘A‘,’ij) reference ] p value
Positive 1.76 !
NZ8) (0.52°6.0) 1 L 0.366
Sex fomale) reference
Male 105 P
N=91) (0.33-3.3) . 0.936
Age (N=162) (a‘Lyg] 1) [ ] 0611
TNM stage In=108) reference [ ] - Risk factor
H Tumor size (31.2%)
1111l 220 i » i
(N=56) (0.81-6.0) I [0 T™NM stage (23.4%)
Sub LUAD o ™
ubtype N=132) reference . W suvtype (18.8%)
L) 055 —_—.— Bire W rores
o T Tumor informed (8.3%)
Others 151 1
e 0508
N=8) (0.44-52) : = [ smoking (7.1%)
Tumor size 7,}:2'.‘2) reference [ Age (2.7%)
0-2cm 0.82 H Sex (0.1%
(N=64) (0.223.1) i 0.762 W sex 1%
2-4.cm 1.72 :
N=76) (0.644.6) ‘—.—': 0.283
Smoking ?‘,3= %) reference n
Yes 1.53 .__.—.
(N 66) (0.58-4.0) + 0.391
ADT W 115) reference ]
Yes 1.56 ,_,_.—,
(N=47) (0.61-4.0) T 0.357
0.1 02 05 1 2 5
B Hazard ratio
Negative value
Tumor agnostic  HE9ale, reference [
Positi 12,86 w
g (2.13-77.7) ————— 0005
Sex famels) reference
Mal 092
N=91) (0.30-2.8) 0.884 .
Age (N=162) 0y 0697
TNM stage ‘(N - 106) reference Risk factor
i B s I Tumor agnostic (39.8%)
[U;D ) (@5 [ Tumor size (25.4%)
Subtype (N=132) reference TNM stage (11.4%)
Lusc 183
) 035 0.191 B suvtype (115%)
Others 186 0.291 Smoking (7.5%)
N=8) (0.50-5.9) B o
Tumor size W reference Age (0.7%)
0-2¢cm 057 o
(N'=64) (0.14-2.4) 0.435 . Sex (0.1%)
2-4cm 1.76
N=76) (0.66-2.7) 0263
Smoking m’: %) reference
Yes 1.89
(N~ 66) (0.69-5.2) 0215
No
ADT W= 115) reference
Yes 1.49
(N=47) (0.60-3.7) 0.354
0.1 05 5 10 50 100
c Stage -+ | = Il = Il -+ TNM — TNMB D Stage «+ | = Il =l -+ TNM — TNMB E Stage = | = Il + Il -+ TNM — TNMB
1.00 1.00 1.00
§ 0.75 § 0.75 § 0.75
® ® ®
3 2 2
2 2 2
@ @ @
o 0.50 o 050 o 050
£ £ £
Iy TNM: @ TNM: Y TNM:
e llvs I: HR = 3.62; p < 0.001 ] s i e Ilvs I: HR = 3.49; p <0.
H i vs Il: HR = 1.08; p = 0.809 2 s Ii: 1 1 vs I Hi 76;p = 0.
8 0.25{ Ilivsl:HR=3.94;p<0.001 8 0.25{ livsl:HR=499;p=0.116 O 0.25] llivsl:HR=6.2;p<0.001
TNMB: TNMB: TNMB:
i1vs I: HR = 3.45; p < 0.001 llvs 11 HR 11 vs I: HR = 4.06; p < 0.001
il vs Il: HR = 5.77; p < 0.001 lvs Ii: 61 <0.001 il vs II: HR = 4.86; p < 0.001
i1l vs I: HR = 18.28; p < 0.001 il vs 11 HR = 9.93; p = 0.027 il vs I HR = 21.41; p < 0.001
0.00 0.00 0.00
0 500 1000 0 100 200 300 400 500 0 500 1000 1500
Time in days Time in days Time in days
Number at risk Number at risk Number at risk
= e 220 214 200 145 11 24 aanl| 7 7 7 7 6 o 333 301 167 0
| 60 57 46 32 20 [ “eu| a3 31 28 21 15 1 124 74 32 0
sen| 49 46 37 26 17 0 an |4 43 39 a1 16 2 119 55 21 0
— | 213 208 197 144 11 24 _— 7 7 7 7 6 0 322 295 167 0
m— | 90 87 76 56 37 0 — | 60 59 53 43 28 3 191 114 53 0
—_—| 2 22 10 3 0 0 —| 18 15 14 9 3 [ 63 21 [ 0
0 250 500 750 1000 1250 0 100 200 300 400 500 o 1500
Time in days Time in days Time in days

Figure S4. Multivariable Cox model with landmark MRD by fixed-panel assays and TNMB

staging validation, Related to Figure 4.

(A—B) Coefficients of multivariable Cox regression model with clinical risk factors and MRD

status by fixed-panel assays, tumor-informed (A) and tumor-agnostic (B). The contribution



percentages were estimated using ANOVA for the multivariable Cox model. (C—E) K-M
curves for DFS analysis with the landmark TNMB stage of published datasets from
LUNGCA-1 study (C), ChiCTR1900024656 study (D), and combined data of these two

studies with PROPHET study (E).
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Figure S5. Prognostic analysis with longitudinal MRD results from three assays, related

to Figure 5

(A) Swimmer plots for all patients without relapse in this study. (B—C) K-M curves for DFS

(B) and OS (C) analysis with longitudinal MRD status by three assays PROPHET (left),

tumor-informed (middle), and tumor-agnostic (right). (D) The lead time of MRD detection by

PROPHET, tumor-informed fixed panel, and tumor-agnostic fixed panel. (E) Coefficients of

multivariable Cox model with clinical risk factors and longitudinal MRD status by fixed panel

assay, tumor-informed (upper), tumor-agnostic (down). The contribution percentages were

estimated using ANOVA for the multivariable Cox model.
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Figure S6 Complementary information provided by PROPHET MRD for patients with

equivocal imaging findings, Related to Figure 6

(A) Swimmer plot for 15 patients with equivocal image scan and nearby MRD monitoring by
PROPHET. The patients were selected with equivocal scans during their follow-up with at
least one longitudinal MRD test conducted within 90 days before or after the scan. (B)
Swimmer plot for 19 patients with equivocal image scan and nearby MRD monitoring by
PROPHET. The patients were selected with equivocal scans during their follow-up with at

least one longitudinal MRD test conducted within 180 days before or after the scan.



