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Abstract

Background Efficacy of 2nd line treatment in advanced gastric or gastro-esophageal
junction (GEJ) adenocarcinoma remains limited with no identified strong predictor of
treatment efficacy. We evaluated the prognostic value of circulating tumor DNA (ctDNA) in
predicting the efficacy of immune checkpoint inhibitors (ICI) plus chemotherapy in the
randomized PRODIGE 59-FFCD 1707-DURIGAST trial.
Methods ctDNA was evaluated before treatment (baseline) and at 4 weeks (before the third
cycle of treatment, C3) using droplet-digital PCR assays based on the detection of CpG
methylation.
Results Progression-free survival (PFS) and overall survival (OS) were shorter in patients
with a high (>1.1 ng/mL) versus low (<1.1 ng/mL) ctDNA concentration at baseline (2.3 vs.
5.8 months; HR = 2.19; 95% CI, 1.09–4.41; p = 0.03 and 4.5 vs. 12.9 months; HR = 2.73;
95% CI, 1.29–5.75; p < 0.01), respectively, after adjustment for identified prognostic
variables. Patients with a ctDNA decrease ≤75% between baseline and C3 versus a ctDNA
decrease >75% had a worse objective response rate (p = 0.007), shorter PFS (2.2 vs.
7.4months, HR = 1.90; 95%CI, 1.03–3.51; p = 0.04) andOS (6.6 vs 16.0months; HR = 2.18;
95% CI, 1.09–4.37; p = 0.03).
Conclusions An early decrease in ctDNA concentration is a strong predictor of the
therapeutic efficacy of ICI plus chemotherapy in advanced gastric/GEJ adenocarcinoma.
Clinical Trial Information NCT03959293 (DURIGAST).

The prognosis of advanced gastric and gastro-esophageal junction (GEJ)
adenocarcinoma remains poor,withoverall survival (OS) ranging from10%
to 15% at 5 years1. InHumanEpidermalGrowth Factor Receptor-2 (HER2)
negative unresectable advanced/metastatic tumors, the most frequently

used first-line palliative chemotherapy is a doublet of fluoropyrimidine (5-
fluorouracil (5FU) or capecitabine) plus a platinum salt (cisplatin or
oxaliplatin)2,3. Recently, the additionof docetaxel (TFOXregimen), immune
checkpoint inhibitors (ICI, in PD-L1 positive tumors) and anti-claudin 18.2
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Plain language summary

Some patients with advanced gastric cancer
receive immunotherapy (treatments that help
one’s own immune system recognize and
attack cancer cells) in addition to other
treatments. We measured circulating tumor
DNA (ctDNA) in patient’s blood samples and
looked at associations with treatment
outcome. We found that survival was shorter
in patients receiving immunotherapy plus
chemotherapy, when the levels of ctDNA in
the blood were high at the start of treatment
and when they did not decrease over time.
Our results suggest that ctDNAcouldbeused
as a predictor of how well this specific
treatment will work in advanced gastric
cancer patients.
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(zolbetuximab, in claudin 18.2 positive tumors) to platinum/fluoropyr-
imidine regimens demonstrated increased OS4–9.

In the second-line, chemotherapies (docetaxel, paclitaxel, irinotecan or
FOLFIRI) remain the standard of care, including the paclitaxel ramucirumab
combination10–15. If a triplet regimen (TFOX/FLOT) is used as the first-line
treatment, the FOLFIRI regimen is the most commonly used second-line
regimen11,13,15. Thus, the PRODIGE 59-FFCD1707-DURIGAST randomized
phase 2 trial aimed to evaluate the efficacy and safety of FOLFIRI with dur-
valumab (anti-programmed cell death-ligand 1, anti-PD-L1) +/− tremeli-
mumab (anti-cytotoxic T-lymphocyte antigen-4, CTLA-4) as the second-line
treatment in patients with advanced gastric/GEJ adenocarcinoma. The regi-
men had an acceptable safety profile, but long-lasting antitumor activity
(disease control beyond 1 year) was only observed in 20% of patients16.

Advances in molecular biology have revealed that malignant cells
undergoing cellular turnover or death shed greater quantities of circulating
tumor DNA (ctDNA), which is released into the bloodstream. ctDNA and
circulating cell-free DNA (cfDNA), which includes DNA released by non-
tumor cells and ctDNA, have been associated with prognosis in many
cancers17–19. cfDNA is composed of both “normal”DNA from healthy cells
and the tumor micro-environment as well as ctDNA from the tumor cells.
cfDNA levels are significantly higher in patients with cancer than in healthy
subjects and in other pathologic andnon-pathologic conditions. In contrast,
ctDNA is only released by tumor cells, and its detection and quantification
using tumor-specific alterations are directly related to the evolution of the
tumor. The ctDNA level provides an early prediction of treatment response,
before the radiologic evaluation at 2 or 3months usingResponse Evaluation
Criteria in Solid Tumors 1.1 (RECIST) criteria, in many tumors, including
digestive tumors17,20. ctDNAhas thus emergedas a strongprognosismarker,
in that it accurately reflects real-time tumor burden.

In advanced gastric/GEJ adenocarcinoma, the presence of ctDNA has
been correlated with the detection of minimal residual disease (MRD) after
curative surgery, and has been used to predict and monitor the response to
systemic therapy in unresectable tumors21. Many studies demonstrated that
postoperative positive ctDNA after resection of gastric/GEJ adenocarcinoma
is associated with significantly worse outcomes22–24. By contrast, few series
have evaluated ctDNA as an early biomarker of response to treatment in
unresectable gastric/GEJ adenocarcinoma, especially concerning respon-
siveness to ICI. One study of 61 patients who received second- or third-line
pembrolizumab alone demonstrated that a decrease in ctDNA from baseline
to 6weeks after startingpembrolizumabpredicted an improved response rate
(58% versus 0%, p = 0.049) and longer PFS (median 123 days versus 66 days,
p = 0.029)25. Additional studies highlighting the usefulness of ctDNA as a
biomarker for predicting immunotherapy response are expected to have a
significant impact, especially given that the PD-L1 combined positive score
(CPS) still falls short of being an accurate indicator of treatment response.
Moreover, identifying a predictor of resistance to second-line treatment and
beyond remains an unresolved and substantial challenge.

There are many methods to measure ctDNA. Most strategies rely on
PCR-based techniques such as droplet digital PCR (ddPCR) that targets
either mutations previously identified in the patient’s tumor tissue or very
high frequency mutations in a small number of known hotspots, such as
KRASmutations in pancreatic cancers. However, such strategies cannot be
applied to gastric/GEJ adenocarcinoma26,27. ctDNA monitoring by ddPCR
targeting methylated cancer-specific biomarkers has recently been
described as cost-effective and time-efficient17,28–32. Indeed, ctDNA
detection based on hypermethylated genes using ddPCR could be used as a
surrogate marker of mutations and as a potential universal biomarker of
cancer28.

Herein, we tracked the kinetics of cfDNA/ctDNA in blood samples
obtained frompatients enrolled in the PRODIGE59-FFCD1707-DURIGAST
trial. We used ddPCR to target methylated cancer-specific biomarkers (MSC-
AS1,KCNA3,ZNF790-AS1), amethodrecentlydescribedasbeingcost-effective
andtime-efficient (patentWO2020254693-A1)33.Ourfindingsunderscore that
cfDNA/ctDNA is an early predictor of the response to chemotherapy plus ICI
in the second-line treatment of advanced gastric/GEJ adenocarcinoma.

Methods
Study design
PRODIGE 59-FFCD 1707-DURIGAST is a randomized, open-label, mul-
ticenter, non-comparative, phase 2 study designed to evaluate the safety and
efficacy of FOLFIRI plus durvalumab (FD arm) and FOLFIRI plus durva-
lumab and tremelimumab (FDT arm) in the second-line treatment of
patients with advanced gastric/GEJ adenocarcinoma34. The main inclusion
criteria were patients aged 18 years or older, histologically proven advanced
unresectable gastric/GEJ (Siewert 2 or 3) adenocarcinoma, with progression
or intolerance after first-line chemotherapy with fluoropyrimidine plus
platinum salt +/− taxane +/− anti-HER2 therapies in HER2-positive
tumors, with an Eastern Cooperative Oncology Group (ECOG)—Perfor-
mance Status (PS) 0 or 1 and adequate organ function16.

The primary endpoint was the percentage of FD or FDT-treated
patients alive and without progression at 4 months (4-month PFS). Pro-
gressionwas based onRECIST 1.1 criteria and evaluated by the investigator.
Secondary endpoints includedOS, time to strategy failure (TTSF), objective
response rate (ORR) and disease control rate (DCR)16,35.

This study was sponsored by the Fédération Francophone de Cancér-
ologie Digestive (FFCD) and supported by the French PRODIGE inter-
group. The PRODIGE 59-FFCD 1707-DURIGAST trial was approved by
the French health authorities (Agence Nationale de Sécurité duMédicament
et des Produits de Santé) and an independent ethics committee (Comité de
Protection des Personnes Nord-Ouest II, number 2018-002014-13 on April
16, 2019). The study was conducted in accordance with the Declaration of
Helsinki and International Conference on Harmonization Good Clinical
Practice Guidelines. Written informed consent was obtained from all
patients before treatment.

Patients and samples
Patients were evaluated every 8weeks using clinical examinations, laboratory
tests, and morphological assessments until progression16. Morphological
assessments were based on thoracic-abdominal-pelvic CT scans according to
RECIST 1.1 criteria. The treatment was repeated until documented disease
progression, unacceptable toxicity, withdrawal of consent, or patient refusal.

Analyses of tumor biomarkers included the expression of DNA mis-
match repair (MMR) protein by immunohistochemistry (IHC), micro-
satellite instability (MSI), and PD-L1 expression. PD-L1 IHC was done at a
central laboratory using a PD-L1 primary antibody (QR-1, Diagomics,
Blagnac, France), according to the manufacturer’s instructions, to calculate
the PD-L1 tumor proportion score (TPS) and CPS. Carcinoembryonic
antigen (CEA) and carbohydrate antigen 19.9 (CA19.9) levels were also
collected at baseline and every 8 weeks.

For ancillary studies, blood sampleswere prospectively collected before
the first cycle at baseline (C0) and at 4 weeks just before the third cycle of
treatment (C3).Among the 96 randomizedpatients, 70 (72.9%)participated
in the ctDNA ancillary study. All 70 patients (100.0%) provided samples at
baseline and 54 (77.1%) before cycle 3 (Fig. 1).

Circulating DNA measurement
Methods for sample preparation, plasma storage, DNA extraction, ddPCR
detection and analysis have been previously reported17,28,30,31. Both ctDNA
and cfDNA were detected and quantified by Met-ddPCR. Briefly, anon-
ymized blood samples were collected before any second-line anti-cancer
treatment in two 8.5-mL cfDNA tubes, and then sent to the EPIGENETEC
central laboratory. Tubes were centrifuged for 20min at 1600 g, and plasma
was transferred into cryotubes and stored at−80 °C until ctDNA analysis.
DNA extraction and Met-ddPCR were done with METHYS Dx using
proprietary developed assays.

Before cfDNA extraction, the samples were defrosted at room tem-
perature and centrifuged a second time (15min, 2700 g). The cfDNA was
extracted from plasma using the QIAamp® Circulating Nucleic Acid Kit
(QIAGEN, #55114) according to the manufacturer’s instructions with an
elutionvolumeof50 µL. Sampleswere incubatedwithproteinaseK for30min
at 60 °C. EachDNAextraction batch included a no-cfDNAsample consisting
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of phosphate-buffered saline 1× buffer (PBS) (Gibco, #14190-094). cfDNA
was quantified with the Qubit™ dsDNAHS kit (Invitrogen™, #Q32854) using
2 μLofDNAand tworeads. Sampleswere then immediately storedat−20 °C.

Bisulfite conversion of DNA samples was done with the EZ DNA
Methylation-Gold Kit (ZymoResearch, #ZD5006), as recommended by the
manufacturer. M-elution buffer was used for elution. Bisulfite-converted
DNAsampleswere either immediately tested by ddPCRor stored at−20 °C
until ddPCR (no more than 5 days). For each conversion, we used three
controls: the “no-DNA” PBS sample mentioned above, 10 ng human
genomic DNA extracted from whole blood (pool from multiple donors,
Promega, #G304A) as the negative control, and 10 ng enzymatically uni-
versallymethylatedhumangenomicDNA(ZymoResearch, #D5011) as the
positive control.

All plasma samples were screened for the presence of methylated
markers by droplet-based digital PCR (Met-ddPCR) as previously described
using Bio-Rad QX 200 assay (QX200 Generator, PX1 Sealer, Thermo-
cycleurs C1000/S1000, QX200 Reader) (Supp Fig. 1)36. A sequential
approach was used to determine the presence or absence of ctDNA in
plasma and its quantity (ng/mL of plasma). The first analysis used a triplex
assay to target twomethylated cancer-specific genes (MSCAntisense RNA 1
(MSC-AS1) called « MSC » and (Potassium Voltage-Gated Channel Sub-
family AMember 3 (KCNA3)) as well as amethylation-insensitive target on
the albumin (ALB) gene used as the reference (assay called Triplex MSC/
KCNA3/ALB in the manuscript). The number of copies of the ALB gene in
each reactionwas used to reflect the number of genome equivalents present.
The concentration of DNA was then calculated assuming the presence of
3.3 pg DNA per genome equivalent. In the second step, for the negative or
weakly positive samples, a new analysis was carried out, this time targeting
themethylation of a sequence of theZinc Finger Protein 790Antisense RNA
1 (ZNF790-AS1) (assay referred to as Duplex ZNF790/ALB).

In addition, for each assay, Limit of blank (LOB) andLimit of detection
(LOD)were calculated as previously described17,37. The LOB and LODwere
calculated by repeatingmeasurements of samples containing no biomarkers

of interest (here bisulfite-converted negative control (genomic DNA,
Promega®, #G304A). Forbothmarkers, LOBwas0, andLODwas3. Samples
with results (copies per uL) lower than the LOB were considered negative,
while samples with results higher than the LOD were considered positive.
For samples with results between the LOB and LOD, Met-ddPCR was
repeated with more input DNA if sufficient DNA was available. If this was
not feasible, samples were considered positive. Results were expressed as
percentages (numberof copies of the target/numberof copiesof the albumin
X 100) and quantity of ctDNA in ng/mL of plasma. Data were processed
withQuantasoftAnalysis Pro (BIORAD) version 1.0 software. Patientswith
at least one copy of a methylated gene were considered positive for ctDNA
testing, and patients with no methylated biomarker identified through
ddPCR were considered negative for ctDNA testing.

For ctDNA, themethylated allelic frequency (MAF)was defined as the
highest percentage of methylated genes found through ddPCR. ctDNA
change between C3 and C0 was calculated as (ctDNA C3−ctDNA C0)/
ctDNA C0.

Statistical considerations
We assessed the value of adding ctDNA to known prognostic factors for
predicting PFS and OS in patients with advanced gastric/GEJ adenocarci-
noma. Analyses were conducted on the modified intention-to-treat popu-
lation (mITT population, defined as all patients who received at least one
treatment dose in the study regardless of their eligibility criteria).

Quantitative variables are described with means, medians, standard
deviations (SD), or interquartile ranges (IQR). Qualitative variables are
described as frequencies and percentages. For quantitative variables, baseline
characteristics of treatmentarmswerecomparedusingaStudentorWilcoxon
test, and for qualitative variables, a Chi2 test or a Fisher exact test was used.

The primary endpoint was the relationship between baseline ctDNA
levels and PFS at 4months based on RECIST 1.1 criteria as evaluated by the
investigator. PFS was defined as the time from randomization to disease
progression or death from any cause. Alive patients without progression

Fig. 1 | Flow chart. mITT modified intention-to-
treat population.
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were censored on the date of the last news. OS was defined as the time
between randomization and death (all causes). Alive patients were censored
at the last follow-up date. Survival curves were drawn using the
Kaplan–Meier method and compared with the log-rank test. Follow-up
time was estimated using the reverse Kaplan–Meier method.

The ctDNAconcentration at baseline (C0)was evaluated as a prognostic
factor for PFS and OS. The change in ctDNA concentration between C0 and
C3 was evaluated as an early predictive marker of treatment efficacy (ORR,
PFS, and OS). A Cox regression model was used to estimate hazard ratios
(HR)with 95% confidence intervals (CI).Multivariate analyses were adjusted
according topatient and tumor characteristics identified as prognostic factors.

We determined an optimal cut-off for baseline ctDNA using the
maximally selected rank statistics from the ‘maxstat’ R package (Surv-cut-
point function)withOSas endpoint.The restricted cubic splinemethodwas
used to model the relationship between the change in ctDNA between
baseline and C3 in its continuous form with PFS to define the optimal cut-
off 38. The relationship between baseline parameters and OS was first
assessed using univariate Cox analyses, and then parameters with p-values
of less than 0.05 were entered into a final multivariable Cox regression
model, after considering collinearity among variables with a correlation
matrix. The assumption of proportionality was checked by plotting log
minus-log survival curves and by cumulative martingale process plots.

All analyses were carried out with a bilateral alpha type 1 error of 5%
and all tests were two-sided. SAS software 9.4 (SAS Institute, Cary, NC) and
R survival package (version 4.0.5) were used for statistical analyses.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Population
Between August 27, 2020 and June 4, 2021, 96 patients in 37 centers were
randomized in theDURIGAST trial, 92 patients received one ormore doses
of the treatment (mITT population) and 70 (72.9%) participated in the
ctDNAancillary study (34patients in theFDarmand36patients in theFDT
arm) (Fig. 1). There was no difference between the overall population and
patients who participated in the ctDNA ancillary study (Supp Table 1).

Among the 70 patients participating in the present study the median
age was 60 years. Twenty-two patients (31%) were women, and 46 (66%)
had an ECOG PS at 1 (Table 1). Thirty-eight patients had GEJ tumors
(54%), mostly with synchronous metastases (67%). The most frequent
metastatic sites were the lymph nodes (44%), liver (40%), and peritoneum
(31%). Most tumors were intestinal type (51%), and 24% were HER2
positive. The MMR status was determined for 67 tumors, of which three
(4%) were classified as dMMR. A PD-L1 CPS ≥ 5 was observed in 35% of
tumors, and a PD-L1-positive TPS ≥ 1 in 27% of tumors.

The median follow-up was 20.6 [95% CI 18.4–23.5] months.
According to RECIST 1.1 criteria, 4-month PFS was 52.9% [90% CI
42.4%–63.1%]. Median PFS was 4.9 [95% CI 3.6–6.2] months, and median
OS was 9.8 [95% CI 7.2–14.2] months.

ctDNA detection at baseline and prognostic value
Among the 70 patients analyzed, 64 (91%) had detectable ctDNA at base-
line. Patients with baseline negative ctDNA were more frequently women,
were more likely to have no lymph node metastasis, and had a higher
neutrophil to lymphocyte ratio (LNR) (Table 1).

Themedian ctDNA level at baseline was 0.161 (IQR 0.0095-0.711) ng/
mL.We found that higher ctDNA level at baseline was associated withmale
sex, liver metastasis, lymph node metastasis and synchronous metastatic
disease, while therewas no associationwith cfDNA (SuppTable 2). Baseline
CEA and CA19.9 levels did not correlate with baseline ctDNA levels
(p = 0.18 and p = 0.14, respectively). A positive versus negative ctDNA level
at baseline was not associated with PFS (HR = 1.38; 95% CI 0.60–3.21;
p = 0.45) orOS (HR = 1.40; 95%CI 0.51–3.89; p = 0.52) (Table 2). cfDNAas

Table1 |Patient and tumorcharacteristicsaccording toctDNA
at diagnosis

ctDNA at diagnosis

Variable (n, %) Overall,
N = 70

negative, N = 6 positive,
N = 64

p-valuea

Sex <0.001

Female 22 (31%) 6 (100%) 16 (25%)

Male 48 (69%) 0 (0%) 48 (75%)

Age (years,
median, IQR)

60 (52, 69) 63 (60, 71) 59 (52, 69) 0.4

ECOG PS >0.9

0 24 (34%) 2 (33%) 22 (34%)

1 46 (66%) 4 (67%) 42 (66%)

Primary tumor site >0.9

GEJ 38 (54%) 3 (50%) 35 (55%)

Stomach 32 (46%) 3 (50%) 29 (45%)

Tumor subtypeb >0.9

Diffuse 28 (40%) 3 (50%) 25 (39%)

Intestinal 36 (51%) 3 (50%) 33 (52%)

Other 6 (8.6%) 0 (0%) 6 (9.4%)

Resection of
primary tumor

20 (29%) 3 (50%) 17 (27%) 0.3

Type of disease 0.30

Locally advanced 4 (6%) 1 (17%) 3 (5%)

Metastatic 66 (94%) 5 (83%) 61 (95%)

Liver metastasis 28 (40%) 1 (17%) 27 (42%) 0.4

Lung metastasis 53 (80%) 5 (100%) 48 (78%) 0.6

Peritoneal
carcinomatosis

22 (33%) 4 (80%) 18 (29%) 0.07

Lymph node
metastasis

31 (47%) 0 31 (51%) 0.03

Time to metastatic
disease

0.09

Metachronous 23 (33%) 4 (67%) 19 (30%)

Synchronous 47 (67%) 2 (33%) 45 (70%)

LDH (times normal) 0.95
(0.74, 1.15)

0.80
(0.64, 1.03)

0.95
(0.77, 1.15)

0.5

Unknown 6 2 4

ALP (times normal) 0.99
(0.72, 1.42)

1.12
(1.00, 1.39)

0.95
(0.70, 1.43)

0.3

Unknown 1 1 0

NLR 0.19
(0.14, 0.26)

0.33
(0.31, 0.36)

0.19
(0.14, 0.23)

0.001

Unknown 1 1 0

HER2 status

Positive 17 (24%) 0 (0%) 17 (27%)

Negative 53 (76%) 6 (100%) 47 (73%) 0.3

Unknown 1 1 0

CPS PD-L1 0.12

CPS ≥ 5 17 (35%) 3 (75%) 14 (32%)

CPS < 5 31 (65%) 1 (25%) 30 (68%)

Unknown 22 2 20

TPS PD-L1 0.06

TPS ≥ 1 13 (27%) 3 (75%) 10 (23%)

TPS < 1 35 (73%) 1 (25%) 34 (77%)

Unknown 22 2 20

GEJ gastro-esophageal junction, LDH lactate dehydrogenase, ALP alkaline phosphatase, NLR
neutrophil to lymphocyte ratio, SD standard deviation, CPS combined positive score, TPS tumor
positive score, IQR interquartile range.
a Fisher’s exact test; Wilcoxon rank sum test.
b Lauren classification.
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Table 2 | Prognostic value of patient and tumor characteristics for PFS and OS

Progression free survival Overall survival

Characteristic N HR 95% CI p-value HR 95% CI p-value

Sex 70

Female Ref — Ref —

Male 1.38 0.82, 2.33 0.23 1.25 0.69, 2.27 0.46

Age 70 0.99 0.97, 1.01 0.40 0.99 0.97, 1.02 0.55

ECOG PS 70

0 Ref — Ref —

1 0.94 0.56, 1.58 0.82 1.20 0.68, 2.10 0.53

Primary tumor site 70

GEJ Ref — Ref —

Stomach 1.61 0.99, 2.63 0.055 2.22 1.28, 3.83 0.004

Tumor subtypea 70

Diffuse Ref — Ref —

Intestinal 0.82 0.49, 1.37 0.46 0.67 0.38, 1.18 0.17

Other 0.56 0.21, 1.45 0.23 0.62 0.21, 1.81 0.38

Resection of primary tumor 70

No Ref — Ref —

Yes 0.97 0.57, 1.66 0.91 1.09 0.61, 1.93 0.78

Liver metastasis 70

No Ref — Ref —

Yes 1.90 1.14, 3.15 0.014 1.16 0.68, 1.99 0.59

Lung metastasis 70

No Ref — Ref —

Yes 0.96 0.52, 1.77 0.89 0.77 0.39;1.54 0.46

Peritoneal carcinomatosis 70

No Ref — Ref —

Yes 1.19 0.71;2.00 0.51 1.99 1.13; 3.50 0.017

Lymph node metastasis 70

No Ref — Ref —

Yes 0.91 0.56;1.48 0.71 0.92 0.54; 1.59 0.77

Time to metastatic disease 70

Metachronous 0.76 0.45;1.27 0.29 0.86 0.5;1.48 0.62

Synchronous Ref — Ref —

LDH (times normal) 64 1.86 1.17, 2.96 0.009 1.91 1.20, 3.03 0.006

ALP (times normal) 69 1.32 1.04, 1.68 0.024 1.37 1.08, 1.74 0.009

NLR 69 0.18 0.01, 2.58 0.20 0.14 0.01, 3.36 0.22

HER2 status 70

Negative Ref — Ref —

Positive 0.48 0.26, 0.88 0.017 0.39 0.19, 0.81 0.011

CPS PD-L1 48

CPS ≥ 5 Ref — Ref —

CPS < 5 1.04 0.55;1.95 0.91 1.05 0.54; 2.03 0.89

TPS PD-L1 48

TPS ≥ 1 Ref — Ref —

TPS < 1 1.30 0.66; 2.59 0.45 1.32 0.64; 2.73 0.45

ctDNA at diagnosis 70

Negative Ref — Ref —

Positive 1.38 0.60, 3.21 0.45 1.40 0.51, 3.89 0.52

As continuous variable 1.05 0.99, 1.11 0.089 1.06 1.00, 1.12 0.046

cfDNA at diagnosis 70 1.04 1.01, 1.06 0.002 1.04 1.02, 1.07 <0.001

ctDNA kinetics between C0 and C3 (decrease < 75%) 54 2.09 1.19, 3.67 0.010 2.51 1.35, 4.68 0.004

HR Hazard Ratio, CI Confidence interval, GEJ gastro-esophageal junction, LDH lactate dehydrogenase, ALP alkaline phosphatase, NLR neutrophil to lymphocyte ratio, ref reference.
a Lauren classification.
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a continuous variable was associated with PFS, OS, and TTSF but not
ctDNA (Supp Table 3). cfDNA and ctDNA dichotomized by median were
associated with PFS, OS, and TTSF. Gastric primary tumor location, high
lactate dehydrogenase (LDH), high alkaline phosphatase (ALP), peritoneal
carcinomatosis and HER2 negative status were associated with worse PFS
and OS (Table 2).

We found an association between ctDNA levels as a continuous vari-
able and the primary endpoint, PFS at 4 months (p = 0.007) (Fig. 2). We
defined the best cut-off for baseline ctDNA as 1.1 ng/mL. Patients on either
side of this cut-off had similar personal and tumor characteristics (Supp
Table 4).We found that a baseline ctDNAconcentrationhigher than 1.1 ng/
ml (n = 14) was significantly associated with shorter PFS both before
(p = 0.012) and after adjustment for identified prognostic variables (HR =
2.19; 95% CI, 1.09–4.41; P = 0.028) (Fig. 3). Median PFS was 5.8 (95% CI,
3.9–8.1) and 2.3 (95% CI, 1.9–7.9) months for patients with a baseline
ctDNA concentration below (n = 56) and above 1.1 ng/mL (n = 14),
respectively. OS was significantly shorter in patients with high ctDNA
(HR = 2.73; 95% CI, 1.29–5.75; p = 0.008) than in those with low ctDNA;
median OS was 4.5 and 12.9 months, respectively (Fig. 3). cfDNA level at
baseline was associated with DCR (p = 0.022) (Supp Table 2).

In addition, the best cut-off for baseline cfDNAwas 2.44 ng/mL.Using
this cut-off and after adjustment for identified prognostic variables, cfDNA
was not associatedwith PFS (HR = 1.42; 95%CI, 0.80–2.49; p = 0.2) butwas
associated with OS (HR= 2.01; 95%CI, 1.03–3.92; p = 0.040) (Supp Fig. 2A
and Supp Fig. 2B).

Prognostic impact of ctDNA kinetics
For 54 (77.1%)patients, ctDNAwasmeasured at bothC0 andC3.We found
a decrease in ctDNA concentration for 38 (70.4%) patients and an increase
in ctDNAconcentration for 16 (29.6%)patients. Themedian ctDNAlevel at
C3 was 0.054 ng/mL (0.0040–0.6895). Median ctDNA change between C0
and C3 was −75% (IQR −0.97%–+0.41%), while for cfDNA it was −9%
(IQR −0.37%–+0.49%). The change in ctDNA between C0 and C3 was
associated with ECOGPS andHER2 status (Supp Table 2). ctDNAkinetics
did not correlate with CEA and CA19.9 kinetics (p = 0.35 and p = 0.26,
respectively). A ctDNA increase was associated with poor outcomes,
including DCR (p = 0.013), PFS (HR = 2.09; 95% CI, 1.19–3.67; p = 0.010),
OS (HR = 2.51; 95%CI, 1.35–4.68;p = 0.004) andTTSF (HR = 1.88; 95%CI,
1.09–3.25; p = 0.023). No associationwas found for a cfDNA increase (Supp
Table 3).

The restricted cubic spline method was employed to model the rela-
tionship between continuous ctDNA kinetics and PFS, and revealed a 75%
decrease as the optimal cut-off, corresponding to the median ctDNA
decrease between C0 and C3. Specifically, 27 (50%) patients exhibited a
ctDNA decrease greater than 75%, while another 27 (50.0%) had a decrease
of 75% or less.We found a strong correlation between a ctDNAdecrease of
75% or less and PFS at 4 months (p = 0.006) (Supp Table 5). A ctDNA
decrease of 75% or less was significantly associated with shorter PFS both
before (p = 0.008) and after adjustment for identified prognostic variables
(adjusted HR = 1.90; 95% CI, 1.03–3.51; p = 0.04) (Fig. 4). Median PFS was
7.4months for patients with a ctDNAdecrease greater than 75%, compared
to 2.2 months for those with a decrease of 75% or less. After adjustment for
identified prognostic variables, median OS in patients with a ctDNA
decrease of 75% or less was significantly shorter (HR = 2.18; 95% CI,
1.09–4.37; p = 0.028) than that in patientswith ctDNAdecrease greater than
75% (6.6 versus 16.0 months, respectively) (Fig. 4).

Discussion
Ourwork is thefirst todemonstrate, toourknowledge, that ctDNAis a strong
predictor of survival in patients treated with second-line chemotherapy plus
ICI for gastric/GEJ adenocarcinoma. A high baseline level of ctDNA is
associated with worse PFS andOS.Moreover, an early decrease, at week 4, in
ctDNA concentration during treatment strongly predicts PFS and OS.

The randomized trials CheckMate 649 and KEYNOTE-859 showed
that ICI plus chemotherapy wasmore effective than chemotherapy alone6,7.

The survival increase was restricted to patients with tumor PD-L1 CPS ≥ 1,
but no strong clinical/pathological factor, except for dMMR/MSI status, was
associated with the survival benefit of this combination. Indeed, in pMMR/
MSS PD-L1 CPS-positive tumors, the addition of ICI increased PFS by less
than 2months, but there are as yet no strong biomarkers to identify patients
with prolonged survival. In the sameway, in the PRODIGE 59-FFCD1707-
DURIGAST randomized phase 2 trial, no clinical/pathological factor was
associated with PFS or OS. There was no correlation between CPS and
survival16. Consequently, the identification of prognostic biomarkers in
patients with advanced gastric/GEJ adenocarcinoma treated with ICI plus
chemotherapy remains a challenge. However, ctDNA seems to fill this role.

In our series, most patients had positive ctDNA at baseline (91%).
Previous studies in gastric/GEJ adenocarcinomahave already demonstrated
that the ctDNA level is associated with disease stage and the number of
involved metastatic disease sites, and that many “peritoneal-only” patients
haveundetectable ctDNA39.Theproportionofpatientswithpositive ctDNA
ranges from 70 to 90%25,39–41. In our series, a higher ctDNA level at baseline
was associated with male sex, liver metastasis, lymph node metastasis and
synchronous metastatic disease. In many tumors, including gastric/GEJ
adenocarcinoma, liver metastasis and/or synchronous metastatic disease
have been associated with higher ctDNA levels17,31,34,40. Some studies have
already shown higher ctDNA levels in patients with lymph nodemetastases
in different tumor types, including gastric adenocarcinoma42[,43.

We found that baseline ctDNA above a cut-off at 1.1 ng/ml was sig-
nificantly associated with shorter PFS after adjustment for known prog-
nostic variables (HR = 2.19; 95%CI, 1.09–4.41; p = 0.028). It was difficult to
identify any correlation between survival and positive versus negative
ctDNA at baseline since most patients had positive ctDNA, thereby
resulting in a lack of statistical power. By contrast, ctDNA as continuous
variable was more strongly associated with PFS/OS. Indeed, median PFS
was5.8months inpatientswith ctDNAbelow1.1 ng/mLand2.3months for
those above 1.1 ng/mL. A similar correlation was observed for OS, with
median OS of 12.9 and 4.5 months, respectively. These results suggest that
ctDNA is both a prognostic factor and a predictor of treatment efficacy.
Until now, no other clinical/pathological factor has been so strongly asso-
ciated with PFS and OS in advanced gastric/GEJ adenocarcinoma patients.
Few series have evaluated ctDNA as an early biomarker of response to
treatment in unresectable gastric/GEJ adenocarcinoma, especially with
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Fig. 2 | Association between ctDNA levels and clinical benefit (progression-free
survival at 4 months). Clinical benefit is defined as alive patients with no disease
progression at 4 months.
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regard to responsiveness to ICI plus chemotherapy. One study involving 61
patients treated with second- or third-line pembrolizumab alone demon-
strated good agreement between mutation burden, determined using
ctDNA testing, and tumor tissue mutation burden. In the above study, the
ctDNAmutation burdenwas associatedwith response to pembrolizumab25.
In a series of 30 patients with advanced gastric/GEJ adenocarcinoma treated
with first-line chemotherapy alone, ctDNA was associated with OS:
19.5months inpatientswith lowctDNAversus 12.8months inpatientswith
high ctDNA40. In another series of 27 gastro-esophageal adenocarcinoma
patients treated with ICI alone, those with low ctDNA-NGS maximum
somatic variant allele frequency had a median OS of 8.8 versus 2.5 months
for those with high ctDNA-NGS maximum somatic variant allele
frequency39. In a recent meta-analysis that included patients with gastric
cancer treated with chemotherapy, ctDNA was strongly associated with
survival. The correspondingHR forOS, disease-free survival (DFS) andPFS
were 2.74 (95% CI 2.24–3.35), 3.13 (95% CI 2.08–4.72) and 3.04 (95% CI
2.46–3.76), respectively44. It is worth noting that most of these series used a
methylation (SOX17, WIF-1, RASSF1A or SFRP2 genes) or mutational
approach to identify ctDNA. In our series, by contrast to ctDNA, cfDNA
was not associated with PFS, and only associated with OS after adjustment
for prognostic variables. These results highlight that ctDNA, by contrast to
cfDNA, ismore directly related to tumor burden and tumorDNA shedding
and thus associated with treatment efficacy. By contrast cfDNA levels are
also influenced by other factors like the cancer-related inflammatory
response.

We also demonstrated that a decrease in ctDNA during treatment was
associated with DCR, PFS, and OS. Median PFS was 7.4 months for patients
with a decrease greater than 75% versus 2.2 months in those with a ctDNA

decrease of 75% or less. One study evaluated ctDNA variation in only 18
patients, after6weeksof treatmentwithpembrolizumabaloneand found that
this decrease predicted an improved response rate (58%versus 0%, p = 0.049)
and longer PFS (median 123 days versus 66 days, p = 0.029)25. In another
series of 32 patients treated with chemotherapy, those with a more than 25%
decline in maximal somatic variant allelic frequency had significantly longer
PFS than did those without (7.3months versus 3.6months; p = 0.0011)41. All
of these results suggest that ctDNA change is associated with treatment
response and could be used as a predictor of treatment efficacy in advanced
gastric/GEJ adenocarcinoma. The current gold standard for assessing tumor
response and treatment efficacy in solid tumors is radiographic imaging
interpreted using RECIST 1.1. Limitations to this method include evaluation
after at least 2 months of treatment, poor interobserver reproducibility and
difficulty to identify pseudo-progression in patients treated with ICI. The
measurement of tumor biomarkers, like CEA and carbohydrate antigen 19-9
(CA19-9), has a prognostic value in gastric cancer, but variations in levels
during treatment are not a strong predictor of treatment efficacy45. In con-
trast, changes in ctDNA levels during treatment appear tobe ahighly relevant
biomarker of treatment efficacy in unresectable gastric/GEJ adenocarcinoma.
In addition, ctDNA monitoring by ddPCR targeting methylated cancer-
specific biomarkers is relevant in unresectable gastric/GEJ adenocarcinoma
since there is no recurrent and frequent mutation in this type of cancer.
Indeed, ctDNA monitoring by ddPCR targeting methylated cancer-specific
biomarkers is easier, more cost-effective and time-efficient than tumor-
informed ctDNA detection, given the need to identify frequent molecular
alterations in the tumor of each patient in the latter.

The main limitation of this study is the small number of patients
(n = 70). Nevertheless, to our knowledge, it is the largest series evaluating

Fig. 3 | Association between progression-free survival, overall survival and
ctDNA level at baseline. a Association between progression-free survival and
ctDNA level at baseline. b Association between overall survival and ctDNA level at

baseline High versus low ctDNA level at inclusion was defined using a cut-off of
1.1 ng/mL HR hazard ratio.
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ctDNA in patients treated with ICI plus chemotherapy for gastric/GEJ
adenocarcinoma. The other limitation of our study is that we were not able
to determine the contribution of chemotherapy versus immunotherapy to
ctDNA levels and kinetics and treatment response since all of the patients
received the chemoimmunotherapy combination. Moreover, the second
collection point for ctDNA was at 4 weeks, and most patients remained
treated by a combination of chemotherapy and immunotherapy. In addi-
tion, we were not able to determine whether the ctDNA concentration was
associated with the overall tumor burden, as in the crude RECIST 1.1 total
measurement. We can however highlight many strengths, including a well-
designed prospective phase II trial, the analysis of both cfDNA and ctDNA
as well as ctDNA kinetics during treatment. Since many treatment options
are now available for gastric/GEJ adenocarcinoma, ctDNA could help to
guide the therapeutic strategy, including maintenance treatment and
modifications of lines of treatment. For example, if ctDNA levels remain
high after one or two cycles of first-line treatment with FOLFOX plus ICI, it
is possible to start a second-line treatmentwith paclitaxel plus ramucirumab
before radiological and clinical progression occurs. Recent results of the
ARMANI trial suggest that changing the chemotherapy regimendespite the
absence of radiological progression could improve survival, but a strategy
using early ctDNA levels remains to be validated in a prospective trial. To
our knowledge, there are no planned studies to evaluate the treatment
strategy for gastric/GEJ adenocarcinoma based on the ctDNA level in a
metastatic setting. By contrast ctDNA is used to detect MRD after radical
resection and to evaluate adjuvant trastuzumab deruxtecan plus fluor-
opyrimidine versus standard chemotherapy in HER2-positive gastric/GEJ
cancer patients with persistent MRD in the liquid biopsy after radical sur-
gery (TRINITY trial).

Toconclude, baseline ctDNAandearlydecreases in ctDNAlevelsduring
treatment with chemotherapy plus ICI were strongly associated with survival
in patients with advanced gastric or GEJ adenocarcinoma. These results
suggest that ctDNA can guide treatment strategies and could help physicians
with treatment decision-making. ctDNA must be evaluated in a prospective
trial to confirm that it is a robust and early predictor of treatment efficacy,
earlier than a CT-scan, and can be used to guide treatment modifications in
cases with no ctDNA decrease, thereby improving patients’ survival.

Data availability
The minimum datasets necessary to interpret this research (source data)
have been provided within the article and supplementary data file. Detailed
ctDNA results are available at dryad repository (https://doi.org/10.5061/
dryad.fn2z34v47). ctDNA sequencing data are available at the FCCDunder
restricted access for ethical and privacy concerns. Applicants may also
directly contact the corresponding author (D.T.). All other data are available
from the corresponding author on reasonable request.
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