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Abstract
This article will evaluate methylated circulating tumor DNA to monitor response to anti-PD1 based
immunotherpy in non-small cell lung cancer.
Purpose: Circulating tumor DNA (ctDNA) can reflect the genetic and epigenetic composition of malignancies and can
serve as a noninvasive biomarker for cancer diagnostics and monitoring. This study aimed to evaluate the utility of a
methylation-based ctDNA assay as a predictive tool in non-small cell lung cancer (NSCLC) anti-PD1 based immunother-
apy monitoring. Methods: We evaluated a cohort of 20 patients with NSCLC treated with anti-PD1 based immunother-
apy that had both baseline and follow-up blood draws as well as outcome data available. Tumor Methylation Scores
(TMS) were measured with an amplicon-based, multiplexed cfDNA assay that utilizes quantitative counting templates
(QCTs) in conjunction with next-generation sequencing to count the number of methylated molecules at more than 500
genomic locations that are hypermethylated in cancer tissue. The association between TMS and real-world progression-
free survival (rwPFS) on therapy was conducted using Cox proportional hazards model and plotted using the Kaplan-
Meier method. Results: The change in TMS measured 4-10 weeks post-treatment initiation strongly correlated with
immunotherapy response, as measured by rwPFS (P < 0.0001), compared to a weaker correlation of imaging RECIST
v1.1 measurements with rwPFS (P = 0.55). Furthermore, TMS tracked with tumor burden on therapy in real-world cases.
Conclusions: In this real-world dataset of NSCLC patients treated with anti-PD1 immunotherapy regimens, the TMS
score measured within a 4-10 week window after treatment initiation can be predictive of response to therapy. Beyond
this window, the TMS score can be associated with rwPFS and tumor dynamics. Early evidence suggests that changes
in the methylation profile may be informative for monitoring occurrence of new somatic mutations. The cases presented
demonstrate the application of using TMS for serial therapeutic response monitoring.
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Introduction
The use of circulating tumor DNA (ctDNA) from plasma has

emerged as an important biomarker encompassing clinical applica-
tions which span screening, recurrence monitoring, and measuring
responsiveness to therapies1,2 However, tracking a limited number of
somatic mutations may not accurately represent the tumor’s compo-
sition, especially in late-stage cases where extensive evolution and
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clonal heterogeneity can be influenced by systemic therapies.1,3,4 To
address constraints, innovative ctDNA-based strategies for therapy
response monitoring are being developed, including the quantifi-
cation of methylated loci.5–7 Enhancement in sensitivity can be
achieved by interrogating more methylated ctDNA loci, reducing
sample variability, limiting reliance on specific oncogenic variants,
and enabling the detection of serial changes over time.8,9 Employ-
ing ctDNA based strategies can refine upon a number of limitations
in the clinic including variations in tumoral PDL1 levels, histology-
based differences, and unique patterns of inflammation which may
influence the expectations of response with anti-PD1 based antibod-
ies.

Here, we utilized an approach leveraging a methylation assay
tailored to track tumor-specific ctDNA signals. By targeting
1525-7304/$ - see front matter © 2024 The Authors. Published by Elsevier Inc.This is an open
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Figure 1 Tumor Methylation Score is predictive of treatment response. (A) CONSORT diagram of patients in the NSCLC cohort.
(B) Table of patient demographics and clinical characteristics for the whole cohort (n = 33 patients, 36 events) and the
evaluable cohort for whom both RECIST scores and TMS in 4-10 week window were available (n = 20 patients, 22
events). (C) Kaplan-Meier plot of the association between RECIST score and rwPFS for IO-treated patients (n = 22
events) P = 0.55. (D) Kaplan-Meier plot of the association between delta TMS and rwPFS for IO-treated patients in the
4-10 week window (n = 22 events), P < 0.0001.
genomic loci that are uniquely hypermethylated in cancer cells
and by subtracting background methylation signal coming from
the patient’s buffy coat, we have demonstrated a predictive value
of the change in Tumor Methylation Score (TMS) in association
with real world progression free survival (rwPFS) for patients on
immunotherapy regimens.

Materials and Methods
Cohort and Clinical Data Abstraction

This retrospective study was approved by the institutional review
board of University of California San Diego. Thirty-three patients
(36 treatment events across lines of therapy) were identified with
advanced NSCLC treated with an anti-PD-1 immune check point
inhibitor containing regimens who had longitudinally banked
plasma samples, of which 20 patients (22 treatment events across
therapy lines) fell within the analyzable 4-10 week window post-
treatment initiation. Clinical data was extracted by retrospective
chart review. Imaging data was retrospectively evaluated by RECIST
v1.1 by a single investigator. Investigators were blinded to the clini-
cal and imaging data until after TMS values were generated on all
samples. Research was conducted in concordance with the Declara-
tion of Helsinki.

Methylated ctDNA Monitoring
Patient plasma samples and buffy coat from baseline collections

were analyzed using a validated next-generation sequencing-based
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Figure 2 Clinical validation case studies. Tumor methylation scores correlate with disease outcomes across therapy types. (A-B)
Clinical case studies of TMS corresponding with imaging assessments. (C-D) Representative clinical case studies in
which the trend in TMS precedes the imaging outcome. Dashed lines represent RECIST evaluation objective responses.
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assay that utilizes quantitative counting templates (QCTs).10,11

Briefly, the assay quantifies the number of methylated molecules in
both cfDNA and buffy coat at over 500 loci chosen to be hyper-
methylated in and specific to cancer, normalizes each measurement
to 1000 molecular equivalents of universally methylated control
loci, subtracts the buffy coat methylation from the cfDNA methy-
lation, and sums across all 500 hypermethylated loci to generate the
tumor methylation score (TMS) as a reflection of tumor burden.
Compared to previous versions, the assay version employed here
(v1.1) utilizes an updated bioinformatics pipeline that implements
a weighted buffy coat background subtraction that corrects for
survivorship/censoring bias of only observing non-negative values at
each loci. This unbiased estimator reduces noise and allows for the
limit of quantification to be set at TMS = 25. The change in TMS
was calculated between the baseline draw and the first blood draw
within the 4-10 week window after treatment. Changes in TMS
were categorized as “increase,” “decrease,” or “no change” according
to the following, pre-established, analytical and statistical specifica-
tions: an increase/decrease is called when (1) the percent change
exceeds 15% and (2) the log2 likelihood of an increase/decrease
compared to no change is more than 3. If the TMS at both
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timepoints was below the limit of quantification, the call was noted
as below the quantifiable range.

Statistical Analysis
Real-World Progression Free Survival (rwPFS)

rwPFS was calculated as the difference, in days, between the
start date and effective end date of the treatment line as previously
described12 All statistical analyses were conducted using R version
3.6.3 with packages survival (RRID: 3.2.13) and survminer (RRID:
0.4.9) To evaluate associations between variables and rwPFS, Cox
proportional hazards were calculated with 95% confidence intervals.
Statistical significance was assessed using the Wald test. Survival data
was plotted using the Kaplan-Meier method. RECIST v1.1 was used
to define objective response.

Results
Cohort

The cohort consisted of 33 patients (36 treatment events across
lines of therapy) with NSCLC who had received immunother-
apy (Figure 1A). For each treatment event, 3 longitudinal
blood draws were collected representing a baseline (pre-treatment)



Angela Hsiao et al

Figure 3 Changes in tumor methylation profile can correlate with appearance of new somatic mutations. (A) In Subject 5, TMS
increased from 90 pretreatment to 4900 over 4 months (left). The overall TMS was divided by contributions from
methylated loci that were detected before and after Day 119 (right). A total of 106 methylated loci were detected at any
point before the last time point (Day 119). At the last timepoint, 113 newly methylated loci were detected contributing
about 55% of total methylation, and indicated a significant change in tumor methylation profile. Somatic alterations
were assessed with a comprehensive genomic profiling liquid biopsy assay using plasma collected at Day 0 and Day
119. We observed the appearance of new clinically meaningful alterations as noted in conjunction with the significant
change in methylation profile. The VAFs of the alterations detected at baseline remained similar over time, concordant
with the relatively unchanged amount of the baseline methylation profile (red). (B) A significant increase in TMS was
also observed in Subject 6. However, very little change in tumor methylation profile was observed, with only 1% of
methylation at Day 324 coming from loci that were never methylated before Day 266. Concurrently, there was no
change in the diversity of somatic alterations measured at Day 0 and 324. The VAFs of the alterations detected at
baseline increased, in concordance with the significant increase in the baseline methylation profile (red).
and 2 on-treatment samples. The majority of patients were
advanced stage adenocarcinoma, and all patients received a regimen
containing either immunotherapy or combination immunotherapy-
chemotherapy (Figure 1B). At baseline, the percentage of samples
with methylation signals above the assay’s limit of quantification
(LoQ) was 94.4% (34/36), with a median TMS value of 440.

On-Treatment Changes in Tumor Methylation Score is a
Predictive Marker of Response to Immunotherapy

The current gold standard for assessing therapy response is evalu-
ation of imaging results using RECIST v1.1 criteria. In this cohort
of NSCLC patients treated with IO therapy, we examined the
association between RECIST score and rwPFS in 20 patients for
whom imaging data and TMS were available. There was an observed
separation of curves when examining the association between objec-
tive response and rwPFS by imaging, however this trend did not
reach significance (P = 0.55) (Figure 1C).

Previous studies have also shown that on-treatment changes in
variant allele fractions (VAFs) are predictive of response in IO
treated patients when using various thresholds, such as ctDNA
clearance or 50% change within the first cycles of immunotherapy
compared to baseline13 As an additional biomarker of the tumor
burden, we sought to similarly address whether the change in TMS
from baseline was indicative of immunotherapy response. In the
literature, iRECIST has documented cadence for imaging to be
scheduled at 6-12 weeks for radiological assessment14 In our study,
we sought to understand whether a plasma collection at an earlier
timepoint may provide additional response clues when scans were
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completed. We measured the change in TMS obtained from patients
who had available plasma samples at baseline and within 4-10 weeks
post-treatment initiation. If patients had more than one blood draw
in that window, the earlier time point was used. A total of 22
of the 36 treatment events had paired plasma samples collected
within this predefined window with comparable RECIST scores.
We first performed univariate analyses to determine which clinical
factors in this cohort were associated with real world progression
free survival (rwPFS). We found no significant associations between
treatment type, histology, stage, or sex with rwPFS and were thus
not included in further analyses. Given that this cohort includes
both IO monotherapy and chemo-IO regimens, we examined the
association between PD-L1 at ≥1% and rwPFS and, as expected,
observed a significant association (HR 0.2, 95% CI, 0.05-0.92, P
< 0.05)15 When the treatment events were stratified by change in
TMS (eg a statistically significant increase, decrease, or no change),
there was a significant separation in rwPFS (P < 0.001) (Figure 1D).
As such, compared to RECIST (P = 0.55), the increase or decrease
as measured by TMS was a potentially more sensitive predictor of
response to therapy in this cohort (Figure 1C).

Clinical Utility of Methylation-Based Monitoring
The assay correlated with tumor burden for many subjects

through therapy, and representative realworld cases are demon-
strated in Figure 2. In some instances, the assay can add additional
evidence to support imaging evaluation, as exemplified by subjects
1 and 2 (Figure 2A and B). Blood draws were obtained near the
time of scan and changes in TMS corroborated the imaging results.
The TMS is also predictive ahead of scan, as evidenced in subjects
3 and 4. In subject 3, the TMS showed a rapid decline, suggesting
response, while the scan nearest the draw remained stable. However,
the subsequent scan later identified partial response. At the last
blood draw in the series a TMS score increase corroborated the scan
results at that time (Figure 2C). Similarly, subject 4 showed a rising
TMS, yet the first scan reported stable disease, only for later scans
to confirm progressive disease that was affirmed by an even higher
TMS score (Figure 2D).

Discussion
Methylated circulating tumor DNA (ctDNA) was detectable in

nearly all of the advanced NSCLC patients in our study. Through
the quantitation of methylated loci, there is a large number of poten-
tial genomic regions that can be serially quantified in any given
tumor, thus increasing the accuracy of the analysis for monitoring.
We observed that variations in TMS during treatment, as assessed
in the 4-10 week post-therapy initiation window, may provide
additional clarity of early therapeutic response. The large panel
of methylated loci in this assay do not directly quantify disease-
associated somatic variants, and the quantitation of the unique
methylation profile may allow for more broadly capturing tumor
evolution that could otherwise be missed on a more limited panel.
For example, in a case study of longitudinal response monitoring
with paired comprehensive genomic profiling (CGP), an increased
TMS resultant from an increase in the diversity of methylated loci
showed previously undetected, clinically relevant alterations in a
concurrent CGP assay (Figure 3A). Conversely, in another case
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where the increase in TMS was resultant from more abundance
of the same previously detected loci, no new somatic alterations
were detected by CGP assay (Figure 3B). Based on these prelimi-
nary observations, further studies can be conducted to understand
how methylation-based dynamics could be linked to changes in
tumor sub-clonal heterogeneity. While additional studies are needed
to determine the most clinically useful implementation of this
assay to clinical practice, noninvasive serial monitoring may provide
insight into time to progression and changes in tumor heterogene-
ity. Limitations of the study include modest sample size and the
real-world nature of this dataset (including sample collection timing
and outcomes data availability). The selection of samples with
imaging outcomes may bias the cohort in that rapid progressors were
not captured and included in study. Cumulatively, these data may
support the applicability of ctDNA TMS in therapeutic response
monitoring and highlight the importance of serial assessment.

Conclusion
Clinical Practice Points

Serial tumor methylation assessments may serve as a surveillance
strategy to determine treatment response.
Circulating tumor DNA dynamics as detected by methylation
signatures can correlate with real world progression free survival.
Tumor methylation dynamics may reflect heterogeneity and the
development of somatic mutations.
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