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ABSTRACT
◥

Purpose: We sought to determine whether the detection of
circulating tumor DNA (ctDNA) in samples of patients undergoing
chemotherapy for advanced leiomyosarcoma (LMS) is associated
with objective response or survival.

Experimental Design: Using ultra–low-passage whole-genome
sequencing (ULP-WGS) of plasma cell-free DNA from patients
treated on a prospective clinical trial, we tested whether detection of
ctDNA evaluated prior to the start of therapy and after two cycles of
chemotherapy was associated with treatment response and out-
come. Associations between detection of ctDNA and pathologic
measures of disease burden were evaluated.

Results: We found that ctDNA was detectable by ULP-WGS in
49% patients prior to treatment and in 24.6% patients after two
cycles of chemotherapy. Detection of pretreatment ctDNA was

significantly associated with a lower overall survival [HR, 1.55;
95% confidence interval (CI), 1.03–2.31; P ¼ 0.03] and a signifi-
cantly lower likelihood of objective response [odds ratio (OR), 0.21;
95% CI, 0.06–0.59; P ¼ 0.005]. After two cycles of chemotherapy,
patients who continued to have detectable levels of ctDNA expe-
rienced a significantly worse overall survival (HR, 1.77; 95% CI,
1–3.14; P ¼ 0.05) and were unlikely to experience an objective
response (OR, 0.05; 95% CI, 0–0.39; P ¼ 0.001).

Conclusions: Our results demonstrate that detection of ctDNA
is associatedwith outcome andobjective response to chemotherapy in
patients with advanced LMS. These results suggest that liquid biopsy
assays could be used to inform treatment decisions by recognizing
patients who are likely and unlikely to benefit from chemotherapy.

See related commentary by Kasper and Wilky, p. 2480

Introduction
Leiomyosarcoma (LMS) is a malignant mesenchymal tumor arising

from the smoothmuscle lineage (1). It is themost commonly occurring
soft tissue sarcoma in adults. LMS is frequently a clinically aggressive
disease, and patients are at high risk for relapse after initial complete
resection of the tumor (1). Metastatic LMS is incurable with current
systemic antitumor therapies. Doxorubicin- or gemcitabine-based
regimens have demonstrated benefit by extending progression-free
survival (PFS) for some patients and are standard therapies for patients
withmetastatic disease (2–4). Although patients frequently experience

toxicity during treatment with these agents, it remains unclear how to
identify the patients that are most likely to benefit from therapy. The
lack of prognostic biomarkers is an obstacle to more rational clinical
decision making for patients with progressive LMS.

Recent studies have shown that circulating tumor DNA (ctDNA) is
often detected in the plasma of patients with advanced solid malig-
nancies (5, 6). Several studies show that ctDNA levels correlate with
prognosis and that changes in ctDNA levels can be associated with
response to therapy (7–9). In previous work, we demonstrated that
ctDNA can be detected and quantified in patients with LMS and found
that ctDNA levels correlate with tumor size and tracked longitudinally
with changes in disease burden (10). However, this cohort was a small,
clinically heterogenous population and associations with ctDNA levels
and tumor burden were descriptive. To determine whether ctDNA
levels correlate with treatment response and outcome, we utilized well-
annotated banked plasma samples collected from patients with
advanced LMS who were treated on a prospective clinical trial
(SARC021) designed to test the efficacy of a novel chemotherapy
combination in patients with relapsed soft-tissue sarcomas (11).

Materials and Methods
Patient cohort

Our cohort consisted of patients who had previously been enrolled
in the prospective SARC021 study with a diagnosis of LMS confirmed
by central pathology review (11). Eligible patients were 15 years of age
or older with a diagnosis of an advanced unresectable or metastatic
soft-tissue sarcoma, of intermediate or high grade, for which no
standard curative therapy was available. The SARC021 trial was an
open-label, randomized, phase III, multicenter trial that compared
treating patients with soft-tissue sarcomas with either doxorubicin
alone or with the combination of doxorubicin and evofosfamide (11).
The study showed that outcomes did not differ between the arms of the
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trial, failing to demonstrate a benefit from the addition of evofosfa-
mide (11). LMS was the most common diagnosis enrolled on the trial
(36% of the entire cohort).

Patients enrolled on SARC021 could submit optional peripheral
blood samples drawn prior to therapy, after two cycles of chemother-
apy and at the time of subsequent disease evaluations for future studies.
As dictated by the trial protocol, blood was collected in EDTA tubes
and plasma was isolated by centrifugation and stored at �80�C at the
Nationwide Children’s Hospital/RINCH biorepository. All patients
that were evaluated for ctDNA had provided signed written informed
consent for sample banking at the time of enrollment to SARC021 (11).
The study was conducted in accordance with Declaration of Helsinki
and that the studies were approved or deemed nonhuman subject
research by an institutional review board.

Patient selection for ctDNA studies
Patients diagnosed with LMS were included in the analytical cohort

if they had plasma samples collected prior to initiating therapy. A
subset of patients had a plasma sample collected after completion of
two cycles of chemotherapy. Clinical data, including the extent of
disease and clinical outcomes, were obtained from the SARC021 study
database (11). These clinical data included: primary tumor location,
extent of disease, tumor grade, tumor stage, tumor size at various
evaluation time-points, number and location of metastatic sites, vital
status, time to first occurrence of progression or death, and tumor
response (defined as stable disease, partial response, complete
response, or disease progression).

Sample preparation
Frozen plasma samples were shipped to Dana-Farber Cancer

Institution (DFCI) for ctDNA analysis on dry ice. After thawing,
cell-free DNA was extracted using the QIAamp Circulating Nucleic
Acid Kit (Qiagen) according to the manufacturer’s instructions.
Plasma sample volumes received by DFCI ranged from 0.4 to 2.0 mL.

ULP-WGS and ctDNA quantification
Extracted DNA was quantified using a Qubit dsDNA HS Assay Kit

(Thermo Fisher Scientific). High-molecular weight DNA contamina-
tion of cell-free DNA was determined by Bioanalyzer (Agilent Tech-
nologies) and size selection was performed if necessary (AMPure XP
beads; Beckman Coulter). Up to 40 ng of cell-free DNA was used for
KAPA Hyper library preparation (Kapa Biosystems). Libraries were
assessed for quality by a Bioanalyzer followed by quantification using
the MiSeq Nano Flow cell (Illumina). Barcoded libraries were pooled
and sequenced on a HiSeq 2500 in the rapid run mode (Illumina) to a
targeted coverage of 0.2� (actual range, 0.06� to 0.23�). Sequencing

results were demultiplexed, aligned and processed using the Picard
tools, BWAalignment tool and theGATK tool (12–14). Analysis of the
ULP-WGS data was performed using the Broad Institutes ichorCNA
algorithm with manual curation of results to confirm tumor per-
centages (15). Previous studies have shown that ULP-WGS can be
used to identify ctDNA in patients with copy-number altered
tumors (15, 16). Serial dilution experiments validated that this
approach can detect and accurately quantify ctDNA when consti-
tuting as little as 3% of a cell-free DNA sample (15).

Copy-number analysis
Copy-number segments and estimates of tumor fraction and ploidy

were generated by ichorCNA (15). The log2 ratio values of segments
were adjusted for tumor fraction and ploidy such that the data were
consistent across samples. GISTIC2.0was used to determine gene-level
copy-number analyses (17). For copy neutral segments predicted by
ichorCNA, the log2 ratio was set to zero. The amplification/deletion
log2 ratio threshold used for GISTIC was 0.3. Significant gains and
losses were determined with a false discovery rate of 0.25. This analysis
was performed on plasma samples that were positive for detectable
levels of ctDNA. We explored associations between common CNVs
seen in the cohort and outcome. We also compared CNVs seen in our
cohort to those described previously (18–20).

Statistical analysis
The primary explanatory variable of interest is “ctDNA positivity,”

which was coded as positive or negative based on presence or absence
of detectable levels of ctDNA in the sample. As the threshold for
ctDNA detection in ichorCNA is 3%, any sample estimated by
ichorCNA to have less than 3% ctDNA was considered below the
level of detection and coded as negative or undetectable. The ctDNA
level in each sample with detectable levels was also recorded as a
percent of the total cell-free DNA sample as reported by ichorCNA.
PFS was measured from randomization to documented disease pro-
gression or death, whichever occurred first. Patients who were alive
without a documented progression were censored at the time of their
last disease evaluation. Overall survival (OS) was measured from date
of randomization to death.

Differences in ctDNA levels prior to therapy were compared with a
Wilcoxon rank-sum test. The associations between baseline ctDNA
status (detectable vs. undetectable) and patient/disease characteristics
were evaluated using a two-sample t test for continuous variables and a
chi-square test (or Fisher exact test if chi-square assumptions were
violated) for categorical variables. Spearman correlation coefficient
was used to evaluate the association between tumor size and ctDNA
detection and between treatment response and ctDNA levels. Differ-
ences in proportions between groupswere estimatedwith an odds ratio
(OR). The Kaplan–Meier estimator was used to estimate OS and PFS.
Comparison of OS and PFS between groups of interest (e.g., patients
with orwithout detectable ctDNA)was performedwith a log–rank test.
Cox models were used to generate estimates of the HR and corre-
sponding 95% confidence intervals (CI) for time-to-event data.

A landmark approach was used to analyze outcomes for patients
with detectable versus undetectable ctDNA levels after two cycles of
chemotherapy. The analysis of tumor response only included patients
who did not have a response after the completion of two cycles of
chemotherapy and who had ctDNA measured after two cycles of
chemotherapy. Specifically, patients who had a response before the
completion of two cycles of chemotherapy were not part of this
analysis. This analysis compared the post-cycle two response rates
between patients with detectable or undetectable ctDNA levels in

Translational Relevance

In this study, we found that patients with advanced leiomyo-
sarcoma (LMS) who had high levels of circulating tumor DNA
(ctDNA) prior to the start of treatment and after receiving two
cycles of chemotherapy had a significantly worse overall survival
than patients with low ctDNA. Furthermore, patients with low
ctDNA were significantly more likely to experience an objective
response with additional cycles of chemotherapy. These studies
demonstrate that ctDNA can be used for risk stratification in future
clinical trials for patients with LMS and by providers and their
patients to decide on the utility of treatment, with chemotherapy
known to bear a significant risk of toxicity.
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blood samples collected after the completion of two cycles of chemo-
therapy. The comparison OS data between patients with and without
detectable ctDNA after the completion of two cycles of chemothe-
rapy only included patients who were alive (OS) at the completion
of two cycles of chemotherapy. Similarly, the comparison of the PFS
between the groups only included patients who were alive and did not
have progressive disease at the time of completion of two cycles of
chemotherapy. The time-to-event clock for the landmark analyses
started at the completion of two cycles of chemotherapy. All P values
are one-sided and a P value of <0.05 was considered statistically
significant. All statistical analyses were performed with SAS version
9.4 and R version 3.6.1.

Data availability
Data were generated by the authors and available on request.

Results
Detection of ctDNA in patients with progressive LMS

Out of the 230 LMS patients enrolled in the SARC021 study (11),
pretreatment plasma was available from 98 patients. Post-treatment
serial plasma samples obtained after completion of cycle 2 of chemo-
therapy were available for 69 of the 98 patients with pretreatment
samples. Twenty patients had no posttreatment evaluation and 9
patients had posttreatment ctDNA evaluation at later time-points
including cycle 5 week 3, cycle 6 week 3, and end of therapy. We
analyzed ctDNA in all 98 pretreatment samples and in 85 posttreat-
ment samples (Supplementary Table S1). All 69 samples taken after
two cycles of chemotherapy were included in the analyses of the
posttreatment time-point. Heterogeneity of the other posttreatment
timepoint data limited the ability for a formal statistical analysis. The
descriptive characteristics of our analytic cohort and the patients with
LMS excluded from our study (due to unavailability of plasma for
ctDNA studies) are provided in Table 1. Treatment response rates for
our analytic cohort were similar to the LMS cohort excluded from this
study (Table 1) and to the overall SARC021 cohort regardless of
histologic diagnosis (CR rate of 1% and PR rate of 22%; ref. 11). The
cohort of patients with plasma samples available for this analysis do
not significantly differ from patients without plasma samples with
regard to the majority of characteristics. However, the analytical
cohort had a significant overrepresentation of patients with >5 met-
astatic sites (54.1% vs. 35.0%, respectively; P ¼ 0.005).

We detected ctDNA with ULP-WGS in pretreatment plasma
samples of 48 of 98 (49.0%) patients and in 17 of 69 (24.6%) patients
with a sample collected after two cycles of chemotherapy. The
range of ctDNA levels, expressed as the percentage of circulating
tumor DNA from total cell free DNA, was significantly higher in
pretreatment samples (range 0–79%, median 0%) compared with
samples taken after two cycles of chemotherapy (range 0% to 33%,
median 0%, P ≤ 0.001; Fig. 1A). In those with samples collected at
additional timepoints, ctDNA levels changed dynamically throughout
the course of the patient’s enrollment on study (Fig. 1B).

ctDNA association with clinical features of LMS
We found that detectable levels of ctDNA prior to the start of

treatment was significantly associated with patients who had larger
primary tumors (75% of patients with tumors >10 cm vs. 28% with
tumors < 10 cm, respectively; P < 0.001; Table 2; Supplementary
Table S2), and had more than five sites of metastatic disease (73.9% vs.
26.1%, respectively; P < 0.001;Table 2).We also observed that patients
who had previously received radiation therapy were less likely to have
detectable levels of ctDNA prior to starting chemotherapy in the trial

(19% vs. 36%, respectively; P¼ 0.06;Table 2). There was no significant
difference in the ctDNA detection rate at the time of enrollment by
treatment arm (Table 2) with 39.6% for those assigned to doxorubicin
alone having detectable ctDNA versus 44.0% for those assigned to
doxorubicin with evofosfamide (P value ¼ 0.66).

Pretreatment ctDNA levels are associated with outcomes in
patients treated with chemotherapy

We found that patients with undetectable levels of ctDNA at
baseline had a higher objective response rate than patients with
detectable levels of ctDNA (37.5% response rate vs. 11%, respectively;
P ¼ 0.004; Table 3; Supplementary Table S3) and detection of
ctDNAwas associated with a significantly lower likelihood of objective
response (OR, 0.21; 95% CI, 0.06–0.59; P ¼ 0.005). There was no
significant difference in PFS between the patients with baseline
detectable ctDNA compared with those without detectable ctDNA
(HR, 1.13; 95% CI, 0.71–1.8; P ¼ 0.6; Fig. 2A). However, there was a
statistically significant difference inOS between the groups. The 1-year

Table 1. Baseline characteristics of patients with LMS with and
without ctDNA evaluation.

Patients
Without ctDNA
evaluation

With ctDNA
evaluation

Characteristic N ¼ 120 N ¼ 98 P

Age at diagnosis, years
Median (range) 57.2 (33–81) 59.6 (28–83) 0.08

Sex
Male 37 (31%) 35 (35.7%) 0.45
Female 83 (69%) 63 (64.3%)

Primary tumor location
Extremity 13 (10.8%) 18 (18.4%) 0.11
Other 107 (89.2%) 80 (81.6%)

Extent of disease
Locally advanced 6 (5%) 3 (3.1%) 0.52
Distant metastatic 114 (95%) 95 (96.9%)

Grade at entry
Low/intermediate grade 49 (41%) 29 (30%) 0.09
High grade 71 (59%) 69 (70%)

Previous radiotherapy
No 88 (73.3%) 71 (72.4%) 0.88
Yes 32 (26.7%) 27 (25.6%)

Stage
I 7 (5.8%) 4 (4.1%) 0.72
II 30 (25%) 20 (20.4%)
III 41 (34.2%) 33 (33.7%)
IV 40 (33.3%) 39 (39.8%)
Unknown 2 (1.7%) 2 (2%)

Previous adjuvant/neoadjuvant
Yes 14 (11.7%) 9 (9.2%) 0.36
No 106 (88.3%) 89 (90.8%)

No. of sites at entry
≥5 42 (35%) 53 (54.1%) 0.005
<5 78 (65%) 45 (45.9%)

Best response
CR 1 (0.8%) 0 0.53
PR 21 (17.5%) 23 (23.5%)
SD 73 (61%) 55 (56.1%)
PD 16 (13.3%) 15 (15.3%)
NE 9 (8%) 5 (5.1%)

Abbreviations: CR, complete response; NE, non-evaluable; PD, progressive
disease; PR, partial response; SD, stable disease.

Circulating Tumor DNA and Treatment Response in LMS

AACRJournals.org Clin Cancer Res; 28(12) June 15, 2022 2581



OS rate was 70% (95% CI, 58.4%–83.9%) for patients with non-
detectable ctDNA and 50% (95% CI, 37.7%–66.3%) for patients with
detectable ctDNA (HR, 1.55; 95% CI, 1.03–2.31; P ¼ 0.034; Fig. 2B).

On-therapy ctDNA levels are associated with objective
responses and survival

Studies have shown that ctDNA levels can change significantly after
the initiation of effective therapy (6–8, 16, 21–23). To determine
whether ctDNA levels obtained after the initiation of chemotherapy
were associated with response to treatment and survival, we examined
data from the 69 patients with plasma samples collected after two
cycles of chemotherapy (Fig. 1A). There was no difference in the
percent of patients with detectable levels of ctDNA after two cycles of
chemotherapy whether patients were treated with doxorubicin alone
or doxorubicinwith evofosfamide (23%vs. 26% respectively;P¼ 0.83).
Among 17 patients with detectable ctDNA after cycle 2, all of them
(100%) had detectable ctDNA in their pretreatment sample. Among 52
patients with negative post-cycle 2 samples, 37 of them (71%) were
negative at baseline and 15 (29%) were positive at baseline.

Next, we evaluated whether ctDNA detection after two cycles of
chemotherapy was associated with treatment response. This analysis
was restricted to those patients who did not have an objective response
or progression prior to cycle 2 (n ¼ 68). It was found that none of 17
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Figure 1.

Detection of circulating tumor DNA at
pretreatment and after two cycles of
chemotherapy. A, Violin plot showing
ctDNA content as a percentage of total
cell-free DNA extracted from plasma of
patients with advanced LMS. For both
pretreatment and post–cycle 2 levels,
the median ctDNA level is zero (below
the limit of detection), with the upper
quartiles indicated by a lateral solid line
within each of the violin plots. The ctDNA
content of each sample is indicated by a
white circle. ctDNA levels are significantly
higher in pretreatment samples com-
pared with post–cycle 2 levels (Mann–
Whitney test; ���, P <0.001). B, Spaghetti
plot demonstrating changes in ctDNA
levels over time in a subset of patients
with three ormore serial samples (at least
one of which is above the level of
detection).

Table 2. Association between ctDNA detection and clinical
features in patients with LMS.

ctDNA
positive

ctDNA
negative

Characteristic N ¼ 48 N ¼ 50 P value

Age (mean) 60 59.1
≥65 years 19 (40%) 16 (32%) 0.72
<65 years 29 (60%) 34 (68%)

Sex
Male 17 (35%) 18 (36%) 0.95
Female 31 (65%) 32 (64%)

Number of sites at entry
>5 sites 35 (73%) 18 (36%) <0.001
<5 sites 13 (27%) 32 (64%)

Tumor size
≥10 cm 36 (75%) 14 (28%) <0.001
<10 cm 12 (25%) 36 (72%)

Stage
I–II 9 (19%) 15 (30%) 0.24
III–IV 39 (81%) 33 (66%)

Grade
Low/intermediate grade 18 (38%) 11 (22%) 0.09
High grade 30 (62%) 39 (78%)

Primary tumor location
Extremity 5 (10%) 13 (26%) 0.07
Other 43 (90%) 37 (74%)

Treatment
Doxorubicin 19 (40%) 22 (44%) 0.66
Doxorubicin þ evofosfamide 29 (60%) 28 (56%)

Previous RT
Yes 9 (19%) 18 (36%) 0.06
No 39 (81%) 32 (64%)

Extent of disease
Locally advanced 1 (2%) 2 (4%) 1
Distant metastatic 47 (98%) 48 (96%)

Abbreviation: RT, radiotherapy.

Table 3. Association between ctDNA detection and objective
clinical response in patients with LMS.

Clinical response ctDNA positive ctDNA negative P value

Pretreatment N ¼ 45a N ¼ 48a 0.004
Partial response 5 18
No response 40 30

Posttreatment N ¼ 17 N ¼ 51 0.002
Partial response 0 19
No response 17 32

aData on response available for only 93/98 patients.
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patients (0%) with detectable ctDNA (post-cycle 2) had a subsequent
objective response whereas 19 of 51 patients (37%) with undetectable
ctDNA experienced a response (P ¼ 0.002; Table 3; Supplementary
Table S3). This equated to a significantly lower likelihood of response
for patients with detectable ctDNA after two cycles of treatment (OR¼
0.05; 95% CI, 0%–0.39%; P ¼ 0.001). Interestingly, of the 19 patients
with ctDNA levels below 3% (undetectable ctDNA) who experienced a
partial response, 14 responses were observed radiologically 2 to
4 months after the post-cycle 2 plasma was collected. One-year PFS
in patients with detectable ctDNA was also lower than patients with
undetectable ctDNA but the difference in did not reach significance
(HR, 1.2; 95% CI, 0.6–2.37; P¼ 0.61; Fig. 2C). However, patients with
detectable ctDNA had a significantly lower 1-year survival compared
with patients with undetectable ctDNA (HR, 1.77; 95% CI, 1–3.14;
P ¼ 0.049; Fig. 2D).

Recurrent somatic variants are detectable in the ctDNA of
patients with LMS and correlate with survival

Analysis of the copy-number alterations from patients with detect-
able ctDNAat the time of study entry demonstrated recurrent events in
genes reported to be frequently altered in LMS (Supplementary Fig. S1;
refs. 18–20). We estimated PFS and OS based on the presence or
absence of the commonly copy-number altered genes including gains
ofMYOCD andMYC and deletions of RB1, PTEN, and TP53. Of these

alterations, we found that copy gains of MYC were significantly
associated with a worse 1-year OS (HR, 1.94; 95% CI, 1.06–3.56;
P ¼ 0.03; Fig. 3A) and deletions of PTEN were associated with a
worse 1-year PFS (HR, 2.05; 95% CI, 1.07–3.92; P ¼ 0.03; Fig. 3B;
Supplementary Tables S4 and S5).

Discussion
Over 50% of patients diagnosed with LMS will develop progres-

sive metastatic disease and the prognosis for these patients is
poor (1, 24, 25). Front-line treatment for these patients utilizes
one of a small number of accepted chemotherapy regimens designed
to improve outcomes (2). However, the expected objective response
rate of treatment with either a doxorubicin- or gemcitabine-based
regimen is only 15% to 20% and prolonged disease control is
achieved in only 5% to 10% of patients (2, 26). Furthermore, these
agents may have significant toxicities, some associated with cumu-
lative dose and others that are less predictable. Because of an
absence of reliable biomarkers that predict which patients are most
likely to respond to specific therapies, treatment, typically with
either an anthracycline or gemcitabine-based chemotherapy is often
offered to patients who recur after primary resection or who present
with metastatic disease. Once initiated, therapy often continues
until patients experience further progression or after side effects
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Figure 2.

Shorter OS in patients with detectable circulating tumor DNA. A, PFS and (B) OS by pretreatment ctDNA detection in patients with advanced, unresectable,
or metastatic LMS. C, PFS and (D) OS by ctDNA detection after completion of two cycles of chemotherapy in patients with advanced, unresectable, or
metastatic LMS.
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become intolerable. Evaluation of response to therapy is currently
measured by radiologic imaging but objective responses typically
manifest after four to six cycles of treatment (11). The absence of
prognostic biomarkers and early indicators of treatment response
make it challenging for oncologists and patients to decide whether
to undergo cytotoxic chemotherapy and to decide how long they
should continue therapy before moving on to other regimens or
experimental agents. We believe that biomarkers that identify
patients who are more likely to respond to chemotherapy or robust
measures of treatment response early in therapy would greatly
enhance clinical decision making in patients with advanced LMS.

In previous work, we have demonstrated that the detection of
ctDNA in patients with LMS is feasible using a low-cost sequencing
approach that identified the presence of segmental copy-number
variants, characteristic of the somatic landscape of LMS, in cell-free
DNA isolated from peripheral blood samples (10). Although this assay
has limited sensitivity, being unable to detect ctDNA when constitut-
ing less than 3% of a cell-free DNA sample, this limit of detection has
proven to be a convenient threshold for differentiating patients with
high levels of ctDNA from those with low levels (10, 15, 16, 21). In the
case of osteosarcoma and Ewing sarcoma, the distinction between
high and low levels of ctDNA is prognostic (21). In this study, we
took advantage of a unique collection of plasma samples banked
from patients enrolled in a prospective study of patients with LMS
undergoing treatment with doxorubicin (11). These samples were
not collected for the express purpose of ctDNA studies and there-
fore were unlikely to be optimally handled for the goals of our
project. Nevertheless, they provide the first insight, that we are
aware of, into the potential clinical value of liquid biopsy assays in
the management of patients with progressive and metastatic LMS.
In this study, patients received either doxorubicin alone or doxo-
rubicin plus evofosfamide. The addition of evofosfamide did not
significantly impact the PFS or OS for patients treated on SARC021,
including the patients with a diagnosis of LMS (11). We found that
ctDNA levels were not significantly different between patients with
LMS who were treated on either arm of the study. This provided us
the advantage of being able to study the entire cohort of patients
with LMS enrolled on this trial who had plasma samples available in
the SARC biorepository.

ApplyingULP-WGS to plasma samples collected frompatients with
LMS prior to the start of SARC021 trial therapy, we found that

approximately half had ctDNA levels above the limit of detection of
this assay at baseline. This is consistent with previous observations in
other sarcomas, including Ewing sarcoma and osteosarcoma (21). We
also found that ctDNA levels were associated with other clinical
features of aggressive disease including primary tumor size and the
presence of numerous metastases. Not only was pretreatment ctDNA
detection significantly associated with overall survival, but we also
found that patients with undetectable ctDNA levels by ULP-WGS
were more likely to experience an objective response to chemo-
therapy than patients with detectable levels of ctDNA. Although it
remains unclear why patients with treatment refractory tumors
have higher levels of ctDNA in their blood, we hypothesize that
ctDNA shed is associated with more aggressive biology and a higher
burden of microscopic and gross metastatic disease. We also found
that the detection of somatic copy-number gains ofMYC and copy-
number loss of PTEN, in patients with detectable levels of ctDNA,
was associated with a worse OS and PFS, respectively. These
findings suggest that pretreatment ctDNA levels may be informative
for patients and providers contemplating the initiation of a che-
motherapy regimen.

Another unique feature of this cohort was the availability of serial
plasma samples from a large proportion of our patients after the
initiation of therapy, something that was not available in our previous
sarcoma-focused analysis of ctDNA in Ewing sarcoma and osteosar-
coma (21). In this study, we observed that ctDNA levels declined in
patients with LMS after initiation of therapy, a trend frequently
observed across other solid tumor malignancies (6–8, 16, 21–23, 27).
In fact, only 26% of patients with available blood samples had
detectable levels of ctDNA by ULP-WGS after two cycles of chemo-
therapy. However, patients who continued to have detectable levels of
ctDNA were extremely unlikely to experience an objective response
to chemotherapy and had a significantly shorter survival compared
with patients without detectable ctDNA. Furthermore, the majority
of patients with undetectable ctDNA levels who experienced an
objective response did not demonstrate radiographic evidence of
that response for another two to four cycles of therapy. These
data demonstrate that ctDNA levels after the initiation of therapy
could be a useful response-based biomarker of tumor sensitivity to
chemotherapy and could help clinicians and patients decide wheth-
er to continue to chemotherapy, especially in the context of patients
experiencing adverse events.
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Figure 3.

Somatic gain ofMYC and loss of PTEN are associated with worse OS and PFS, respectively, in patients with detectable circulating tumor DNA. A,OS in patients with
copy-gain of MYC and (B) PFS in patients with copy-loss of PTEN among patients with detectable ctDNA prior to therapy.
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We believe that the findings in this study have important
implications for the care of patients with progressive and metastatic
LMS. However, this analysis also had limitations including the fact
that plasma samples were not optimally collected or processed for
liquid biopsy studies, which may have diminished our ability to
detect ctDNA in some patients. Future studies designed to take
advantage of well-established collection and processing techniques
would optimize the utility of peripheral blood samples collected
from patients with LMS (28–30). Furthermore, serial sampling was
largely restricted to the collection of a peripheral blood sample after
two cycles of therapy. Numerous studies demonstrate that ctDNA
levels change quickly after the first dose of therapy in some
cancers (6–8, 16, 21–23, 27). Collection of more frequent blood
samples during therapy would be expected to help identify the
optimal timepoint for differentiating patients with chemosensitive
disease from those with refractory tumors. Another limitation was
that the SARC021 study did not include the uterus as an option for
coding the site of origin for patients with any soft-tissue sarcoma
enrolled to the study, including patients with LMS. Therefore, we
were unable to distinguish patients who had primary uterine LMS
from patients with nonuterine LMS coded as having “other” as the
primary site of disease. The uterus is a common site of LMS and
may respond differently to chemotherapy (1). Future studies will be
needed to determine whether ctDNA levels differ in patients with
uterine LMS. Finally, the size of our cohort likely limited our ability
to fully evaluate the association of pre- and on-treatment ctDNA
levels with PFS in patients with advanced LMS. Larger, prospective
studies could also help determine whether ctDNA assessment can
supplement existing radiologic measurements of response, such as
RECIST, or be combined with emerging radiomic techniques to
better predict responses (31).

To our knowledge, this is currently the largest cohort of patients
with LMS evaluated for the presence of ctDNA while undergoing
treatment with chemotherapy. This study identifies, for the first
time, a significant association between the detection of ctDNA with
outcome and the likelihood of experiencing an objective response to
treatment, especially when measured after initiation of therapy.
This study justifies a more comprehensive and prospective study of
liquid biopsies in this disease which would be expected to lead to
the incorporation of ctDNA studies in the routine care of patients
with LMS.
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