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Theinterim analysis of the CIRCULATE-Japan GALAXY observational study
demonstrated the association of circulating tumor DNA (ctDNA)-based
molecular residual disease (MRD) detection with recurrence risk and
benefit from adjuvant chemotherapy (ACT) in resectable colorectal cancer
(CRC). This updated analysis with a 23-month median follow-up, including
2,240 patients with stage II-1ll colon cancer or stage IV CRC, reinforces

the prognostic value of ctDNA positivity during the MRD window with
significantly inferior disease-free survival (DFS; hazard ratio (HR): 11.99,
P<0.0001) and overall survival (OS; HR: 9.68, P< 0.0001). In patients who
experienced recurrence, ctDNA positivity correlated with shorter OS (HR:
2.71,P<0.0001). The significantly shorter DFS in MRD-positive patients was
consistent across actionable biomarker subsets. Sustained ctDNA clearance
inresponse to ACT was anindicator of favorable DFS and OS compared

to transient clearance (24-month DFS: 89.0% versus 3.3%; 24-month OS:
100.0% versus 82.3%). True spontaneous clearance rate with no clinical
recurrence was 1.9% (2/105). Overall, our findings provide evidence for the
utility of ctDNA monitoring for post-resection recurrence and mortality risk
stratification that could be used for guiding adjuvant therapy.

Circulating tumor DNA (ctDNA) has emerged as a minimally invasive
andreliable prognostic biomarker for detecting post-surgical molecular
residual disease (MRD) and predicting recurrence risk in colorectal
cancer (CRC)'™*. Despite the established association between MRD
andrecurrence, the prognostic effect of MRD on overall survival (OS)
remains unclear due to a lack of prospective evidence. Furthermore,
althoughtargeted therapies could be considered for adjuvant treatment
intensificationin patients with MRD-positive CRC, the prognostic and

predictive value of ctDNA-based MRD detection according to actionable
biomarkersis yet to be established. Additionally, the potential of MRD
clearance as a surrogate endpoint of treatment efficacy and clinical
outcomesin CRC, as demonstrated in leukemiaand multiple myeloma®®,
warrants further investigation. To address these critical knowledge
gaps, alarge prospective trial with sufficient follow-up is needed.

We previously published an interim analysis from the GAL-
AXY study, the observational arm of the ongoing, multinational
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(Japan and Taiwan), prospective, multicenter CIRCULATE-Japan
study (UMIN000039205)> The GALAXY study is designed to moni-
tor ctDNA-based MRD status for patients with clinical stage II-1V
or relapsed CRC after curative-intent surgery’. In our initial report
involving 1,039 patients, we showed asignificant correlation between
post-surgical ctDNA positivity and elevated recurrence risk, compared
to other high-risk clinicopathological features, and a larger benefit
from adjuvant chemotherapy (ACT) in patients with MRD-positivity>.
The patients were followed for a median of 16.7 months (range,
0.5-24.8 months). Here we report updated results from the GALAXY
study in an expanded cohort of 2,240 patients with stage II-1ll resect-
able colon cancer or stage IV CRC with extended follow-up (median,
23 months; range, 2-49 months). We aimed to comprehensively evalu-
atethe prognostic and predictive value of post-surgical ctDNA detec-
tion and its association with disease-free survival (DFS) and OS. We
furtherinvestigated whether ctDNA MRD positivity predicts outcomes
based on actionable biomarker stratification and whether ctDNA clear-
anceinresponse to ACT informs treatment efficacy.

Results

Patient characteristics

Of 6,061 patients with surgically resectable CRC enrolled between 8
May 2020 and 31 March 2024, 2,240 patients with stage IV rectal or any
stage colon cancer wereincluded in this analysis (Fig. 1a) with a total of
13,429 plasma samples. The median patient follow-up was 23 months
(range, 2-49 months) as of 3 June 2024. Patient characteristics are
summarized in Fig.1b. Extended Data Table1a,b describe characteris-
tics for patients with stage -1l and stage IV disease, respectively, and
Extended Data Table 1clists organsinvolved in metastasis for patients
with stage IV disease.

ctDNA status in the MRD and surveillance windows
ctDNA status during the MRD window was available for 2,110 patients.
Withone patient having an OS event before the landmark (date of MRD
timepoint), a total of 2,109 patients were included in the outcomes
analysis. Of these 2,109 patients, 15.93% (336/2,109) were MRD positive,
ofwhom78.27% (263/336) experienced recurrence, whereas only 13.14%
(233/1,773) of MRD-negative patients experienced recurrence (hazard
ratio (HR):11.99, 95% confidenceinterval (Cl): 10.02-14.35, P < 0.0001;
Fig.2a), demonstrating 24-month DFS (from the landmark timepoint)
0f20.57% (95% Cl:16.14-25.37%) versus 85.10% (95% Cl: 83.20-86.90%),
respectively. Remarkably, 36-month DFS for MRD-positive and
MRD-negative patients were 16.7% (95% Cl:12.1-21.9%) versus 83.5% (95%
Cl: 81.2-85.6%). The association of MRD positivity with a significantly
increased risk for recurrence was observed across all pathological
stages (Extended Data Fig. 1a,b). Extended Data Fig. 2a,b shows DFS
analysis with similar trends for stage I-111 (HR:15.97,95% CI:12.51-20.37,
P<0.0001) and stage IV (HR:5.83,95% Cl: 4.44-7.64, P< 0.0001). Next,
MRD positivity was found to be significantly associated with worse
OS compared to MRD-negative patients (HR: 9.68,95% CI: 6.33-14.82,
P<0.0001; Fig. 2b), demonstrating a 24-month OS of 83.65% (95% Cl:
77.84-88.06%) versus 98.50% (95% Cl: 97.70-99.10%), respectively, and
a36-month OS of 71.80% (95% ClI: 63.40-78.60%) versus 96.0% (95%
Cl:94.30-97.20%), respectively. Extended Data Fig. 2¢,d shows OS
analysis with similar trends for stage I-111 (HR: 9.64, 95% CI: 5.47-16.99,
P<0.0001) and stage IV (HR: 6.24, 95% Cl: 3.21-12.11, P< 0.0001).
Tofurtherevaluate the prognostic value of ctDNA when compared
to other clinicopathological risk factors, we performed a multivariate
analysis in the MRD window. ctDNA positivity was observed to be the
single most significant prognostic factor associated with inferior DFS
(HR:12.08,95% Cl:9.56-15.27, P< 0.001; Fig. 2c) and OS (HR: 9.87, 95%
Cl:5.60-17.40,P < 0.001; Fig. 2d). The other clinicopathological factors
prognostic of both poor DFS and OS included the presence of BRAF
V600E mutation (DFS: HR: 2.03, 95% Cl:1.19-3.45, P=0.009; OS: HR:
7.44,95%Cl: 2.87-19.27,P < 0.001), lymph node positivity (DFS: HR: 1.56,

95% Cl:1.19-2.03, P=0.001; OS: HR:2.19, 95% Cl: 1.12-4.30, P= 0.022)
and the presence of RAS mutations (DFS: HR: 1.43, 95% CI: 1.14-1.80,
P=0.002; 0S: HR:1.93, 95% Cl:1.07-3.48, P= 0.029; Fig. 2c,d). Higher
pathological T stage was significantly associated with inferior DFS
(HR:1.67,95% CI:1.05-2.65, P= 0.031; Fig. 2c) but not with inferior OS.

Inthesurveillance window,1,791and 1,794 patients were included
inthe DFSand OS analysis, respectively (Fig.1a). Compared to patients
who were serially ctDNA negative, patients with ctDNA positivity at
any timepoint were approximately 34 times more likely to recur (HR:
33.56, 95% Cl: 26.07-43.20, P < 0.0001; 24-month DFS: 8.93% (95% CI:
5.56-13.27%) versus 93.20% (95% Cl: 91.50-94.50%); Fig. 2e) and also
exhibited a significantly shorter OS (HR: 19.51, 95% CI: 10.44-36.44,
P<0.0001;24-month 0S:83.20 (95% Cl: 76.50-88.10%) versus 99.30%
(95% CI: 98.40-99.70%); Fig. 2f). Additionally, in the multivariate analy-
sis, ctDNA positivity during surveillance was the strongest prognos-
tic factor associated with poor DFS (HR: 44.24, 95% CI: 32.07-61.03,
P<0.001; Fig. 2g).

Extended Data Fig. 3a represents a Sankey plot demonstrating
the percentage of patients with MRD positivity or negativity, the per-
centage of patients with subsequent ctDNA status during surveil-
lance (after ACT or observation) and the percentage of each group
with confirmed radiological recurrence. Furthermore, we analyzed a
subgroup of patients for whom ctDNA status in both MRD and surveil-
lance windows was available (n =1,664). Notably, 84.33% (253/300) of
patients who were ctDNA positive in the surveillance window recurred,
whereas only 5.27% (72/1,364) of those who were ctDNA negative in that
window recurred (Extended Data Fig. 3b), whichis consistent with the
recurrencerates observed inthe overall surveillance window analysis
cohort (84.19% versus 6.01%; Fig. 2e). Longitudinally, ctDNA positivity
preceded radiological recurrence by a median of 5.91 months (range,
0-33.15 months).

Together, our updated analysis demonstrates that MRD positivity
isthe most significant predictor not only of DFS but also of OS, outper-
forming conventional clinicopathological characteristics, microsatel-
lite instability (MSI) status and BRAF V60OE mutations.

Impact of ctDNA status on post-recurrence survival
We found that ctDNA positivity was associated with not only an
increased risk of recurrence but also a higher risk of mortality in
patients with resected CRC. However, it is crucial to determine whether
the association between ctDNA positivity and mortality is solely due
toahigherincidence of clinical recurrence or if ctDNA positivity itself
has an impact on overall prognosis, independent of recurrence. To
address this question, we investigated the association between ctDNA
status and survival outcomes of patients who experienced radiologi-
calrecurrence duringthe follow-up (n =500; Fig. 3a). Figure 3b shows
the association of percentage of patients with ctDNA positivity and
negativity during the MRD window and any time after surgery with
the site of recurrence.

ctDNA positivity was reported to be associated with the recurrence
site®’, and patients with lung recurrence, which is associated with a
better prognosis'®, were less likely to have ctDNA positivity. However,
the HRs for OS between recurrent patients with ctDNA positivity and
negativity inthe MRD window were observed to be consistent regard-
less of the site of recurrence (Fig. 3c). Patients with ctDNA positivity
duringthe MRD and surveillance windows had significantly inferior OS
than their ctDNA-negative counterparts (MRD window: HR: 2.71, 95%
Cl:1.64-4.47, P< 0.0001, Fig. 3d; surveillance window: HR: 8.40, 95%
Cl: 2.03-34.78, P=0.003, Fig. 3e). Similarly, ctDNA positivity during
the MRD and surveillance windows was observed to be significantly
associated with poor post-recurrence survival (PRS) (MRD window:
HR:1.97, 95% Cl: 1.20-3.24, P= 0.008, median follow-up after recur-
rence: 11.75 months, Extended Data Fig. 4a; surveillance window: HR:
6.57,95%Cl:1.59-27.21, P= 0.009, median follow-up after radiological
recurrence: 11.48 months, Extended Data Fig. 4b).
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l 6,061 patients enrolled between May 2020 and March 2024

Excluded (N = 3,821)

. Enrolled in associated interventional phase 3 trials (N = 1,266)
. Rectal cancer (cohort B) (N = 716)

. Rectal cancer stages I-ll (N = 176)

. Incomplete filling of pathological stage into EDC or unknown primary location (N = 345)
. Confirmed pStage O (N =1)

. Incomplete (R1/R2) resection or RX (N = 206)

. Incomplete clinical follow-up data (N = 960)

. Cases with samples failing QC (N =18)

. Complete withdrawal of informed consent (N = 27)

10. Missing ctDNA in MRD or surveillance window (N = 39)

11. <6 months of clinical follow-up (N = 67)

CoOoNOOOD~WNS

2,240 patients with ctDNA testing available after surgery

Excluded (N =131)

Excluded (N = 449)

« Missing ctDNA at the
MRD window (n =130)

« DFS/OS event or censored
before the MRD timepoint

« Missing ctDNA at the

I surveillance window (n = 446)

- DFS event or censored
before the 10-week

Excluded (N = 446)
>+ Missing ctDNA at the
surveillance window (n = 446)

(n=1) landmark timepoint (n = 3)
MRD window DFS and OS Surveillance window DFS Surveillance window OS
analysis cohort (N =2,109) analysis cohort (N =1,791) analysis cohort (N =1,794)
ctDNA-negative in MRD window L
(N=1773)
336 patients ctDNA-positive in MRD window
Excluded (N = 224)
Excluded (N =165 « Missing ctDNA at the Excluded (N =223)
. Missing o) ween 6-month timepoint (n = 185) 1. Missing GtDNA between Excluded (N = 155)
10-16 weeks (n = 89) ] + No ACT (n=38) 1  10-16 weeks (n = 185) [ * No ACT (n = 151) )
+ No ACT (n = 76) « DFS event before the 2. No ACT (n = 38) + No post-MRD timepoint (n = 4)
6-month landmark
time point (n=1)
ctDNA clearance at 3 months ctDNA clearance at 6 months ctDNA clearance at 6 months ctDNA clearance pattern among
in response to ACT-DFS ACT-treated DFS cohort ACT-treated OS cohort ACT-treated patients: DFS
and OS cohorts (N =171) (N=112) (N=113) and OS cohorts (N =181)
b
Characteristic No. of patients (%) Characteristic No. of patients (%)
Median age in years (range) 69 (28-95) Median follow-up in months (range) 23 (2-49)
Sex Neoadjuvant treatment
Male 1149 (51%) Neoadjuvant chemotherapy 218 (10%)
Female 1,091 (49%) None (upfront surgery) 2,022 (90%)
ECOG score Adjuvant treatment
0 2,046 (91%) Adjuvant chemotherapy 946 (42%)
1 194 (9%) Observation 1,294 (58%)
Tumor location BRAF mutation status
Right-sided colon 863 (39%) BRAF WT 2,062 (92%)
Left-sided colon 1,377 (61%) BRAF V600OE 178 (8%)
Pathological T stage RAS mutation status
T1-12 317 (14%) RAS WT 1,303 (58%)
T3-T4 1,630 (73%) RAS mut 937 (42%)
Unknown 293 (13%)
Pathological N stage MSI status
NO 922 (41%) MSS or MSI low 2,025 (90)
N1-N2 1,025 (46%) MSI high 215 (10%)
Unknown 293 (13%)

Pathological stage Radiological recurrence

| 234 (10%) Yes 500 (22%)
1l 652 (29%) No 1,740 (78%)
1l 936 (42%)
v 418 (19%)

Fig.1|Patientinclusion and baseline characteristics. a, CONSORT diagramillustrating the inclusion of patients from enrollment to primary and subanalyses in this
study. b, Patient characteristics of the evaluable patient population (n = 2,240). EDC, electronic data capture; RX, the presence of residual tumor cannot be assessed.
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Long-term survival can be expected for patients with oligometa-
static disease (OMD) if metastasectomy is achieved. In line with the
observation above where ctDNA-positive patients experienced poor
PRS, more recurrent patients with ctDNA-negative status (41.1%)
underwent curative-intent resection for OMD when compared to
ctDNA-positive patients (29.9%, P = 0.014; Extended Data Fig. 4c).

MRD status is prognostic of DFS across actionable biomarkers
In our cohort of 2,240 patients with CRC, the following actionable
biomarkers were identified: wild-type (WT) RAS/BRAFin1,125 (50.22%)
patients, high tumor mutational burden (TMB) in 230 (10.27%) patients,
MSI high in 215 (9.55%) patients, BRAF V60OOE in 178 (7.94%) patients,
KRAS G12C in 49 (2.19%) patients, ERBB2 amplification in 36 (1.61%)
patients, TP53 Y220C in 24 (1.08%) patients, NTRK1/2/3 fusion in
two (0.09%) patients and RET fusion in one (0.05%) patient (Fig. 4a).
MSI-high status overlapped with high TMB and the presence of BRAF
V600E mutation in 99.5% (214/215) and 52.6% (113/215) of patients,
respectively.

Compared to patients with WT RAS/BRAF, those with TMB-high
or MSI-high status had significantly superior DFS (TMB high: HR: 0.19,
95% Cl: 0.10-0.35, P< 0.0001; MSI high: HR: 0.16, 95% Cl: 0.08-0.32,
P <0.0001), whereas those with KRAS G12C mutation had significantly
inferior DFS (HR: 2.18, 95% CI: 1.37-3.48, P=0.0011) (Fig. 4b,c). Com-
pared to patients with WT RAS/BRAF, those with BRAF V60OE muta-
tion showed better DFS, whereas those with ERBB2 amplification or
TP53Y220C mutation tended to have worse DFS (Fig. 4b,c). Similar
trends were observed inasubanalysis of patients with stage I-1ll disease
(Extended Data Fig. 5a). Of patients with stage IV disease, KRAS G12C
mutation was associated with worse DFS compared to WT RAS/BRAF,
whereas the other comparisons were not statistically significant
(Extended Data Fig. 5b). Patients with MSI-high and TMB-high disease
were also observed to have significantly better DFS when compared to
patients with microsatellite stable (MSS) (Extended Data Fig. 5c) and
TMB-low (Extended Data Fig. 5d) disease, respectively.

ctDNA positivity during the MRD window varied from 2.8% in
patients with MSI-high disease to 27.8% in those with ERBB2 amplifi-
cation (Fig. 4d). Notably, we observed that MRD positivity was sig-
nificantly associated with worse DFS compared to MRD negativity
consistently across all actionable biomarkers, except for TP53Y220C,
with HR values ranging from 11.00 (KRAS G12C) to 245.19 (BRAF V60OE)
(Fig. 4e,f). Remarkably, BRAFV60OE patients with MRD negativity had
avery low recurrence rate when compared to those who were MRD
positive (7.89% (12/152) versus 100% (11/11); Fig. 4e). A similar trend
was observed for TP53 Y220C; however, it did not reach statistical
significance (Fig. 4f).

Upon further analysis of BRAF and MSl relative to ctDNA status,
we noted that BRAFV600E/MSI had very low MRD positivity at 0.94%,
whereas BRAFV600E/MSS MRD positivity was much higher at 16.94%.
OfMRD-negative patients, DFS was more dependent on MSl status, with

patients with MSI-high disease having better outcomes than patients
with MSS disease and with no significant difference observed based on
BRAF status between these two groups (Extended Data Fig. 6). ctDNA
detectionrateinthe MRD window, pathological stage and tumor loca-
tiondistributionin BRAFV600E/MSIland BRAFV600E/MSS subgroups
areshownin Supplementary Table1.

MRD status identifies patients likely to benefit from ACT
Tofurther verify the effect of ACT on MRD-positive and MRD-negative
patients with extended follow-up, we implemented an analysis with
similar criteria as in our previous publication’. In brief, alandmark
at 2 months after surgery was implemented to address the immortal
time bias, and HR was adjusted for other confounding factors (age,
sex, pathological stage and performance status). Of 1,349 patients
with high-risk pathological stage Il or stage Il colon cancer included
in this analysis, 14.23% (192/1,349) were ctDNA positive during the
MRD window, 75.52% (145/192) of whom received ACT, whereas 85.77%
(1,157/1,349) were ctDNA negative during the MRD window, 49.35%
(571/1,157) of whom received ACT. We observed that MRD-positive
patients derived significant benefit from ACT (adjusted HR: 0.23, 95%
ClI: 0.15-0.35, P< 0.0001; clinical recurrence rate: 60.68% (88/145)
for the ACT group versus 95.74% (45/47) for the observation group;
Extended DataFig. 7a). Conversely, no statistically significant benefit
from ACT was observed for MRD-negative patients (adjusted HR: 0.70,
95% Cl: 0.46-1.06, P=0.091; clinical recurrence rate: 9.63% (55/571)
for the ACT group versus 8.53% (50/586) for the observation group;
Extended Data Fig. 7b).

Similar findings were observed when patients with high-risk
stage Il and stage Il disease were analyzed separately (Extended
Data Fig. 7c,f). In high-risk stage Il patients, we further analyzed the
benefit of ACT in T3NO and T4NO separately, given the concern for
de-escalating ACT in T4NO patients. Although MRD-negative patients
with T4NO disease had inferior survival than T3NO patients, neither
cohortderived any statistically significant benefit from ACT (Extended
DataFig. 8a,b).

Finally, in patients with resected stage IV CRC who were MRD posi-
tive, we observed that patients in the observation group had signifi-
cantly worse DFS than those who received ACT, regardless of whether
they received neoadjuvant chemotherapy (NAC). However, the mag-
nitude of ACT benefit was more pronounced in chemotherapy-naive
patients who underwent upfront surgery thanin patients who received
NAC (Extended DataFig.9a,b). Conversely, in patients with stage [VCRC
who were MRD negative, no benefit from ACT was observed, regardless
of whether NAC was given (Extended Data Fig. 9¢,d).

Association of ctDNA clearance at 3 months and 6 months
with DFS and OS

We assessed whether ctDNA clearance on ACT (from MRD assessment
to 3-month and 6-month timepoints, respectively) in MRD-positive

Fig.2|ctDNA statusin the MRD and surveillance windows is predictive of
survival outcomes in post-surgical patients with CRC. a,b, Kaplan-Meier
estimates for DFS (a) and OS (b) stratified by ctDNA status during the MRD
window (negative versus positive). P=7.55x107%? (a); P=1.25 x 10% (b). Pvalue
for the bar plots showing the association between ctDNA status and DFS or OS
events was calculated based on the two-sided chi-square test: P= 4.11 x 10 ¢ (a);
P=6.97 x107? (b). ¢,d, Forest plot depicting the multivariate analysis (including
ctDNA status during MRD window and other clinicopathological factors) for DFS
(c)and OS (d) in patients with CRC. P=1.10 x 10 (¢, ctDNA); P=1.43 x10™*(c,
MSI); P=2.55x107"(d, ctDNA); P=3.56 x 107 (d, BRAFV60OE). e f, Kaplan-Meier
estimates for DFS (e) and OS (f) stratified by ctDNA status during the surveillance
window (negative versus positive). P=1.21 x107¢* (e); P=1.20 x 107 (f). Two-
sided chi-square test for bar plots: P=1.19 x 102" (e); P=1.10 x 10 (f). g, Forest
plot depicting the multivariate analysis (including ctDNA status during the

surveillance window and other clinicopathological factors) for DFS in patients
with CRC. P=6.79 x10™8 (g, ctDNA); P=1.88 x 107 (g, sex). HRs and 95% Cls were
calculated using the Cox proportional hazard model; P values were calculated
using the two-sided log-rank test (a,b,e,f). Various prognostic factors and their
association with DFS, asindicated by HR, were analyzed across the cohort using
the two-sided Wald chi-squared test (c,d,g). The unadjusted HRs (squares) and
95% Cls (horizontal lines) are shown for each prognostic factor; the vertical
dotted line represents the null hypothesis (c,d,g). The DFS and OS analyses in
the MRD window were landmarked from the date of the MRD timepoint, and
the analyses in the surveillance window were landmarked at 10 weeks after
surgery. Median DFS/OS and percentage DFS and OS at 24 months, 30 months
and 36 months were estimated from the landmark timepoint. AIC, Akaike
information criterion; mDFS, median DFS; mOS, median OS; NR, not reached.
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Fig. 3 | ctDNA positivity during the MRD and surveillance windows was
significantly associated with inferior OS of patients who had radiological
recurrence.a, CONSORT diagram depicting patients included in the OS cohorts
of patients with radiological recurrence. b, Bar plot showing the association of
percentage of patients with ctDNA positivity and negativity during the MRD
window and any time after surgery with the site of recurrence. ¢, ctDNA status in
the MRD window is predictive of OS across all recurrence sites in post-surgical
patients with CRC. Note: Given that 226 of the 500 patients with radiological
recurrence had metastatic involvement at more than onesite, these individual
patients were counted in more than one category. d,e, Kaplan-Meier estimates
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for OS stratified by ctDNA status during the MRD window (d) or surveillance
window (e) of patients with CRC who had radiological recurrence during follow-
up. P=9.89 x107°(d). HRs and 95% Cls were calculated using the Cox proportional
hazard model. Pvalues were calculated using the two-sided log-rank test. The OS
analysis in the MRD window was landmarked from the date of the MRD timepoint,
and the analysis in the surveillance window was landmarked at 10 weeks after
surgery. Median OS and percentage OS at 24 months were estimated from the
landmark timepoint. ctDNA", ctDNA negative; ctDNA’, ctDNA positive; LN,
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patients was predictive of treatment efficacy and outcomes. Of 185
MRD-positive patients who received ACT, ctDNA status at 3-month and
6-month timepoints was available for171and 113 patients, respectively.
We observed that, compared to patients who remained ctDNA positive
despite receiving ACT, those with ctDNA clearance on ACT had superior
DFS and OS, respectively (clearance at 3 months: DFS: HR: 5.38, 95%
ClI:3.59-8.04, P<0.0001, Fig. 5a and OS: HR: 3.76, 95% Cl:1.53-9.24,
P=0.004, Fig. 5b; clearance at 6 months: DFS: HR:11.12, 95% CI: 6.09—
20.29,P<0.0001, Fig. 5cand OS: HR: 6.33,95% Cl:1.58-25.37,P= 0.009,
Fig.5d).

ctDNA clearance patterns and molecular recurrence
We next examined the ctDNA clearance patterns in response to
ACT in MRD-positive patients. Of the 185 MRD-positive patients

who received ACT, longitudinal ctDNA timepoints after MRD were
not available for 2.16% (4/185) of patients. For those with available
ctDNA after MRD, 37.56% (68/181) of patients had sustained ctDNA
clearance and 32.04% (58/181) had transient ctDNA clearance,
whereas 30.39% (55/181) of patients did not clear their ctDNA. We
then evaluated the association of the ctDNA clearance pattern with
DFS. Compared to patients with sustained ctDNA clearance (events:
10.29% (7/68)), patients with transient clearance or no clearance
had significantly shortened DFS and OS (transient clearance (DFS:
HR:19.72, 95% Cl: 8.61-45.17, P < 0.0001, events: 86.21% (50/58);
0S: HR:25.51, 95% CI: 3.10-3,314.73, P= 0.0007) and no clearance
(DFS:HR:124.76,95% Cl:51-305.24, P < 0.0001, events: 100% (55/55);
OS: HR: 75.62, 95% Cl: 10.22-9,650.93, P < 0.0001, respectively))
(Fig. 6a,b).
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Fig. 5| Among patients with ctDNA positivity during the MRD window, ctDNA
clearance is associated with superior DFS compared to no ctDNA clearance.
a,b, Kaplan-Meier estimates for DFS (a) and OS (b) stratified by ctDNA clearance
status from MRD window to 3-month timepoint in MRD-positive patients
receiving ACT. This analysis was landmarked at the date of 3-month timepoint.
P=2.67 x107* (a). Two-sided chi-square test for bar plot: P=4.65x107°(a). ¢,d,
Kaplan-Meier estimates for DFS (c) and OS (d) stratified by ctDNA clearance
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status from MRD window to 6-month timepoint in MRD-positive patients
receiving ACT. P=4.24 x 107 (c). Two-sided chi-square test for bar plot:
P=3.62x107°(c). HRs and 95% Cls were calculated using the Cox proportional
hazard model. Pvalues were calculated using the two-sided log-rank test. This
analysis was landmarked at the date of 6-month timepoint. Analyses were
performed using R software version 4.4.0. Median DFS and percentage DFS at
24 months were estimated from the landmark timepoint.

Among patients who had transient clearance (n = 58) inresponse
to ACT, 86.2% (50/58) experienced clinical recurrence. Of these, 14.0%
(7/50),76.0% (38/50) and 96.0% (48/50) of patients converted back to
ctDNA positivity by 6 months, 12 months and 18 months after surgery,
respectively (Fig. 6¢).

We further evaluated the timeline of molecular recurrence to
radiological confirmation among patients who were MRD negative.
Of the 1,773 MRD-negative patients, 9.3% (165/1,773) turned ctDNA
positive before radiological recurrence (128/165) or, in the absence of
radiological recurrence, until the last follow-up (37/165). Of these 165
patients with molecular recurrence, 46.7% (77/165), 81.8% (135/165)
and 95.2% (157/165) turned ctDNA positive by 6 months, 12 months
and 18 months after surgery, respectively (Fig. 6d). Compared to
the patients who remained serially ctDNA negative, MRD-negative
patients who had molecular recurrence during the surveillance
window had significantly worse OS (HR: 11.88, 95% CI: 5.64-25.00,
P<0.0001), similar to MRD-positive patients (P = 0.063; Fig. 6e).
When including all 165 ctDNA-negative patients who experienced
molecular recurrence after MRD in a Cox regression analysis with
serial ctDNA as a time-dependent variable, ctDNA detection after
molecular recurrence was associated with a significantly shorter DFS
(HR:3.05;95%Cl:1.82-5.11, P< 0.0001). Consistently with these results,
patients with early molecular recurrence within fewer than 6 months or

between 6 months and 12 months after surgery exhibited inferior OS
than those with ctDNA conversion beyond 12 months (HR: 10.32, 95%
Cl:1.35-1,325.45,P=0.019 and HR: 7.58, 95% CI: 0.86-995.92, P= 0.073,
respectively; Fig. 6f).

We also examined the rate of ‘spontaneous clearance’ among 151
MRD-positive patients who did not receive ACT. Of those 151 patients,
105 had ctDNA results available after the MRD timepoint, six of whom
subsequently cleared their ctDNA. Ofthese, three patients experienced
transient clearance with ctDNA turning back positive during surveil-
lance, all of whom experienced clinical recurrence (two nodal and one
peritoneal recurrence). The remaining three patients were noted to
have sustained clearance—one of whom received neoadjuvant treat-
ment and had a clinical recurrence in the lung, whereas the other two
patients remained ctDNA negative and recurrence free, resulting in
atrue spontaneous clearance rate with no clinical recurrence of 1.9%
(2/105).

Discussion

To date, the prognostic impact of MRD on OS in CRC has remained
unclear due to alack of prospective evidence. Our previous interim
analysis, which included 1,039 patients with a median follow-up of
16.7 months, established asignificant association between post-surgical
ctDNA positivity and elevated recurrence risk®. However, the follow-up
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sustained clearance) in MRD-positive patients receiving ACT. *Based on
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turned ctDNA positive. e, Kaplan-Meier estimates for OS stratified by ctDNA MRD
status and molecular recurrence during the surveillance window (all-time ctDNA
negative versus MRD negative with molecular recurrence versus MRD positive).
P=7.09 x10™ (MRD positive). Two-sided chi-square test for bar plot: P=2.63 x 10"
3 f, Kaplan-Meier estimates for OS stratified by timing of molecular recurrence
after surgery. HRs and 95% Cls were calculated using the Cox proportional hazard
model (a,e) or Cox regression with Firth’s penalized likelihood hazard model (b,f).
Pvalues were calculated using the two-sided log-rank test. These analyses were
landmarked at the MRD timepoint date and were performed using R software
version 4.4.0. Median DFS and OS and percentage DFS and OS at 24 months were
estimated from the landmark timepoint.

durationwas insufficient to evaluate the impact of MRD status on OS.
In this updated analysis with 2,240 patients and 23-month median
follow-up, we demonstrate that ctDNA-based MRD detection is a
powerful prognostic biomarker for OS as well as DFS in patients with
resected CRC.

In the present analysis, ctDNA positivity emerged as the most
significant prognostic factor associated with poor OS, outperforming
other well-established clinicopathological features. Furthermore,

among patients with radiological recurrence, presence of ctDNA
positivity significantly correlated with higher mortality compared
to ctDNA negativity, regardless of recurrence sites, and with fewer
opportunities for curative metastasectomy. These findings underscore
the urgent need for novel therapeutic approaches for this population,
bothintheadjuvantsetting and after clinical recurrence. Thisupdated
analysis also strongly validates our previous finding that observation
alone may be sufficient for favorable outcomes among MRD-negative
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patients, whereas MRD-positive patients derive significant benefit
from ACT. Among MRD-negative patients, T4NO poses achallenge due
to the concern for transcoelomic spread to the peritoneum, which is
knowntobe alower shedding site of metastasis. Interestingly, although
T4NO demonstrated slightly inferior outcomes compared to the T3NO
counterparts, ACT did not show any survival benefit after adjusting
for age, sex and performance status to mitigate residual bias. This
finding provides further support for the randomized, phase 3 VEGA
trial in the CIRCULATE-Japan platform, which is currently assessing
the non-inferiority of observation alone compared to standard ACT
in patients with high-risk stage Il or low-risk pathological stage Il CRC
who are confirmed to be ctDNA negative 4 weeks after surgery’.

Theroleof MRD as aregulatory surrogate endpoint hasbeen estab-
lished for leukemia and multiple myeloma. Although previous studies
in solid tumors suggested that patients with detectable ctDNA after
surgery may benefit from ACT corresponding to ctDNA clearance™”,
these studies were limited by small sample sizes, and the optimal tim-
ing of assessment for ctDNA clearance has yet to be established. Inthe
present study, we demonstrate that patients with ctDNA clearance
even at 3 months after surgery had significantly better DFS and OS
than those without ctDNA clearance. The difference in DFS and OS
was even more pronounced when assessed at a 6-month timepoint.
These findings highlight the potential of ctDNA clearance as an early
indicator of treatment efficacy and a regulatory surrogate endpoint
for long-term outcomes and strongly warrant further evaluation for
adopting ctDNA-based MRD and ctDNA clearance as surrogate end-
points by conducting meta-analyses across trials.

Although any clearance of ctDNA was associated with improved
DFS among MRD-positive patients, ctDNA clearance at a single time-
point may not be enough to achieve afavorable outcome. Our analysis
of ctDNA clearance patterns demonstrated that sustained ctDNA clear-
anceinresponseto ACT wasabetterindicator of treatment efficacy and
favorable outcomes compared to transient clearance (10.29% versus
86.21% clinical recurrences or death). Among patients with transient
clearance, more than 60%became ctDNA positive within 9 months from
surgery, and almost all turned positive by 18 months after surgery, with
roughly 50% of molecular recurrencesin the 6-9-month post-surgery
timeframe, coinciding with the period after conclusion of ACT. These
findings support the concept that chemotherapy suppresses ctDNA
shedding and highlights the utility of longitudinal ctDNA monitoring
in predicting long-term benefit of ACT and the need to repeat testing
once active systemic therapy is complete. Lastly, the low spontaneous
clearancerate of 1.9% (2/105) observed in MRD-positive patients further
reinforces the high PPV of the personalized tumor-informed assay and
the rarity of false-positive results using this approach.

Longitudinal ctDNA testing is also valuable for MRD-negative
patients, as the detection of molecular recurrence was found to be
associated with poor OS. Upon investigating the clinically recurrent
cases, ctDNA-positive recurrences significantly correlate with higher
mortality compared to ctDNA-negative recurrences, regardless of
recurrence sites. Although the exact mechanism is unknown, it is
hypothesized that ctDNA-negative recurrences represent a cohort of
patients who have tumors with lower shedding rates due toamoreindo-
lent biology and/or potentially sequestered sites. The indolent biology
hypothesis is further supported by the fact that more patients with
ctDNA-negative recurrences had disease amenable to curative-intent
resection of OMD than their ctDNA-positive counterparts. Nonetheless,
molecular recurrence in the surveillance setting remains valuable as
approximately 30% of recurrences detected by ctDNA were OMD and
underwent curative-intent resection with a second chance of cure.
This represents a 50% improvement in detecting OMD compared to
historical data, which estimates OMD at 20% as reported in a recent
meta-analysis by Szturz et. al.">.

Arecent study reported the perceived utility of ctDNA testing
and dimensions of well-being from patients enrolled in the BESPOKE

CRCstudy (NCT04264702), amulticenter, prospective, observational
study investigating the clinical utility of ctDNA for optimal use of ACT
and early detection of recurrence in patients with surgically resected
CRC*. The results indicate that 96% of patients valued the informa-
tionreceived from their ctDNA results, with 73% of patients reporting
reduced anxiety about cancer recurrence. Notably, ctDNA-negative
patients felt less anxious about cancer recurrence compared to
ctDNA-positive patients*. ctDNA-directed treatment change/escalation
could bebeneficial for MRD-positive patients achieving no or only tran-
sient ctDNA clearance inresponse to ACT as well as for MRD-negative
patients later having molecular recurrence. Timely change in treatment
canalleviate patient anxiety about cancer recurrence as well as poten-
tially improve survival outcomes. Clinical trials using post-surgical
ctDNA status or molecular recurrence can help fulfill the unmet need
for a new treatment strategy to improve outcomes of patients not
responding to current standard-of-care treatment. Currently, the
phase 3 ALTAIR trial in the CIRCULATE-Japan platformis investigating
the superiority of trifluridine/tipiracil over placebo on DFS among
patients with CRC with molecular relapse and no clinical evidence of
recurrence after standard-of-care treatment (3 months of adjuvant
CAPOX or observation for low-risk patients with stage Il disease)’.

Previous studies in breast and lung cancer demonstrated that,
even within the same cancer type, the tumor biology differs accord-
ing to molecularly stratified subtype, potentially affecting ctDNA
detection rates and the utility of ctDNA testing” ™. Recent advance-
ments in molecular profiling of CRC also revealed distinct biological
behaviors by actionable biomarkers, leading to the development of
biomarker-guided therapeutic strategies. It is, therefore, crucial to
assess the association between MRD status and prognosis in patients
withresectable CRCaccording to these actionable biomarkers, as this
could help advance targeted therapy approaches into early disease.
In the present study, we found that, across all actionable biomarkers
observedinour cohort, patients with ctDNA positivity in the MRD win-
dow had ssignificantly worse DFS. Particularly noteworthy was the low
recurrence rate observed in patients with BRAF V6OOE-mutated CRC
whotested negative for ctDNA, at only 7.89%, whereas those with posi-
tive ctDNA-based MRD were atamuch higher risk for recurrence, result-
ing in a high HR of over 200. Among patients with MSI-high disease,
BRAFV600E mutation did not resultin a worse prognosis, in line with
previously published data'®"”. However, in our study, we additionally
observed that, among MSS and MRD-negative patients, BRAF V60OE
patients had a similar prognosis to BRAF WT. These findings suggest
that ctDNA-based MRD detection could be implemented in clinical
practice for resectable CRC regardless of actionable biomarkers and
advocate for the integration of MRD-driven therapeutic strategies,
including targeted agents tailored for patients with CRC with specific
actionable biomarkers.

Here wereporton prospective ctDNA analysisinalarge cohort of
patients with long-term follow-up, but our study is associated withsome
limitations. Although, to our knowledge, thisis the largest prospective
study to date evaluating the role of ctDNA inresected CRC, the median
follow-up of 23 months may still be insufficient to fully capture the
long-term impact of ctDNA status on OS. Continued follow-up of this
cohort will be necessary to validate our findings and provide more
robust estimates of the prognostic value of ctDNA. Moreover, the
study design was observational, as a randomized trial of ACT versus
observation in patients with post-surgical ctDNA positivity was not
feasible in Japan when CIRCULATE-Japan was initiated. However, we
observed a clear benefit of ACT among MRD-positive patients, which
was mirroredintherecently reportedinterim analysis of BESPOKE CRC,
aUnited States-based observational trial similar to GALAXY in design®.
In addition, the ALTAIR and VEGA trials within the CIRCULATE-Japan
platform will investigate the benefit of treatment escalation in
MRD-positive patients and non-inferiority of observation alone
compared to standard ACT in MRD-negative patients, respectively.
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Taken together, the findings of this prospective study support
the utility of longitudinal ctDNA monitoring in CRC for identifying
patients at high risk of recurrence and/or mortality and who are likely
to benefit from ACT. The incorporation of ctDNA clearance assess-
mentinto clinical trials has the potential to streamline and assist with
efficient drug development. Results from ongoing randomized con-
trolled trials evaluating the efficacy of novel therapeutic strategies in
ctDNA-positive patients will be crucial to fully harness the potential of
ctDNA as abiomarker in the management of resected CRC.
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Methods

Ethics statement

All patients provided written informed consent before participationin
the study. The clinical protocol was approved by theinstitutional review
board of the National Cancer CenterJapan and authorized by the head
of each participating institution. The GALAXY study is registered in
theJapanRegistry of Clinical Trials (UMINO00039205). The study was
conducted in accordance with the Declaration of Helsinki.

Study design and participants. Here we present the updated analysis
from the GALAXY study, the observational arm of the ongoing,
prospective, multicenter CIRCULATE-Japan study. The GALAXY
study is a prospectively conducted large-scale multinational registry
designed to monitor ctDNA status for patients with clinical stage II-
IV CRC undergoing complete surgical resection’. It serves to screen
patients for ctDNA-guided MRD status, leading to their assignment
to one of the two randomized ctDNA-guided interventional phase 3
trials: ALTAIR (treatment escalation in MRD-positive patients) and
VEGA (treatment de-escalation in MRD-negative patients)®’. The
detailed study protocol is published elsewhere’. The key eligibility
criteria include the following: (1) histopathologically confirmed
colorectal adenocarcinoma; (2) clinical stage 11-1V; (3) scheduled for
curative-intent resection; (4) patient aged >20 years; and (5) Eastern
Cooperative Oncology Group (ECOG) performance status of O or 1.
Patients diagnosed with other malignancies within the past 5 years
were excluded. Patients were treated with ACT at the clinician’s
discretion based on clinicopathological characteristics according
to established guidelines'®". Blood samples for ctDNA analysis
were collected at 4, 12, 24, 36, 48, 72 and 96 weeks after surgery until
recurrence. Computed tomography (CT) imaging was performed every
6 months after surgery. Data collection was performed by input into
anelectronic data capture system (TrialMaster version 5.0 (update 6),
Anju Software).

The key inclusion criteria for this analysis included confirmed
pathological stage I-V colon cancer or stage IV/recurrentrectal cancer,
RO resection margins, availability of at least one ctDNA timepoint in
the MRD or surveillance window, imaging follow-up for more than
6 months or relapsed any time after resection. The MRD window was
defined as 2-10 weeks after surgery and before the start of any adjuvant
therapy. The potential clinical applications of analysis in this window
include prognostication and adjuvant treatment decision-making.
The surveillance window was defined as the time from 4 weeks after
ACT, or the end of the MRD window if the patient had no ACT, until the
last follow-up or clinical recurrence. Here, the relevant clinical appli-
cation is early detection of recurrence, which can potentially trigger
escalation of surveillanceimaging and/or treatment (treat on molecu-
lar recurrence). Patients with stage I-Ill rectal cancer were excluded
fromthe analysis, as the clinical management of these patients differs
considerably from those with stage I-11l colon cancer. Additionally,
patients enrolled in associated interventional phase 3 trials (ALTAIR
and VEGA) and patients whose sample(s) failed quality control metrics
were excluded.

Tumor-informed ctDNA testing. A clinically validated, personalized,
tumor-informed 16-plex polymerase chain reaction (PCR)
next-generation sequencing (NGS) assay (Signatera, Natera, Inc.) was
used for the detection and quantification of ctDNA in blood samples®.
Inbrief, formalin-fixed, paraffin-embedded tumor tissue from surgical
resection or biopsy samples and matched normal DNA extracted froma
peripheralblood sample were processed for whole-exome sequencing
to identify and track up to 16 patient-specific and tumor-specific
somatic single-nucleotide variants (SNVs) in the associated patient’s
plasma usingamultiplex PCR-based NGS approach’. Cell-free DNA was
extracted from patient plasma (median, 9.7 ml; range, 1.3-13.2 ml) at
agiventimepointand was used to detect ctDNA. Plasmasamples with

at least two tumor-specific variants detected above a pre-defined
threshold were defined as ctDNA positive. The pre-defined threshold
is based on Natera’s proprietary variant calling method wherein
detecting atleast two out of 16 variants ensures the optimal analytical
performance of the assay with greater than 95% sensitivity at 0.01%
mean variant allele frequency and with 99.7% specificity?®. ctDNA
concentration was reported as mean tumor molecules per milliliter
(MTM/ml) of plasma.

Biomarker analysis. Actionable biomarkers for CRC were defined as
biomarkers with OncoKB therapeutic levels of 1-3 for CRC or all solid
tumors (Supplementary Table 3). These biomarkers were identified
throughwhole-exome sequencing of tumor tissue performed as part of
the tumor-informed ctDNA testing workflow. Due to the low frequency
of NTRK and RET fusion, these fusions were not used for the analysis
of the association between ctDNA MRD and actionable biomarkers.

Statistical analysis. The primary endpoints were DFS and OS. DFS
was defined as the time between the date of landmark and the date
of diagnosis with recurrence or death due to any cause or the latest
radiological assessment. For DFS, an event was defined as recurrence
ordeathduetoany cause. Recurrence was determined based on diag-
nostic imaging or any other diagnostic procedure if imaging was not
confirmative (for example, colonoscopy to diagnose local recurrence).
OSwas defined as the time between the date of landmark and the date
of death due to any cause or latest clinical follow-up. The chi-squared
test was used to compare categorical variables. Survival analyses were
carried out using R software version 4.4.0 using the survival (version
3.7.0), survminer (version 0.4.9) and coxphf (version1.13.4) packages.
The exact Pvalues from Cox regression hazard models were calculated
using the Rmpf'r (version 0.9.5) package. The Kaplan-Meier method was
used to estimate the survival distribution. Differences between groups
were tested using the log-rank test. A multivariable Cox proportional
hazard model was used to assess prognostic factors associated with
DFS. Clinically relevant cutoffs were applied for demographic variables,
wherever appropriate.

MRD analyses were landmarked at the date of MRD timepoint to
account forimmortal time bias. Surveillance analyses were landmarked
at10 weeks after surgery, because patients with CRC typically receive an
adjuvant therapy around 8-10 weeks after surgery per current clinical
guidelines. Thus, 10-week landmark ensures that both the ACT-treated
and the non-ACT-treated (observation) populations are alive and free
of clinical events independent of whether they had ctDNA timepoint
and adjuvant treatment.

The secondary endpoint was ctDNA clearance after ACT, and the
exploratory endpoint was molecular recurrence analysis (conversion
of ctDNA status to positive post-MRD window in ctDNA MRD-negative
patients). Cox regression was used to compare the survival benefit
between the ACT and observation groups; was landmarked at 2 months
after surgery; and was adjusted for age, sex, stage, performance status
and MSI status. ctDNA clearance at 3 months and at 6 months was
defined as ctDNA clearance from MRD timepoint to the 3-month
(70-112 days after surgery) and the 6-month (160-200 days after
surgery) timepoints, respectively, in patients treated with ACT. The
definition of clearance at 6 months was independent of the clearance
status at 3 months. ctDNA clearance analyses were landmarked at
3 months and 6 months, respectively. In patients who were ctDNA
positive during the MRD window and received ACT, sustained clearance
was defined as ctDNA clearance that was achieved after MRD window
and persisted for two or more subsequent ctDNA timepoints,
whereas transient clearance was defined as ctDNA clearance after
MRD that reverted to ctDNA positive at any subsequent timepoint.
The association of ctDNA-based MRD detection with recurrence risk
according to each actionable biomarker was evaluated by comparing
DFS between patients with a specific actionable biomarker who had
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either positive or negative ctDNA at the MRD timepoint. P values less
than 0.05 were considered statistically significant.

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

Data availability

The authors declare that all relevant, non-proprietary data used to
conduct the analyses are available within the article. Supplementary
Table 2 includes the de-identified raw data of patient characteristics,
outcomes (DFS and OS) and complete ctDNA results (at the MRD win-
dow, 3-month and 6-month timepoints and surveillance windows,
ctDNA clearance after MRD window and molecular recurrence). To
protect the privacy and confidentiality of patientsin this study under
the Japanese Act on the Protection of Personal Information, identifi-
able clinical data are not made publicly available in a repository or
in the supplementary material of the article but can be requested at
any time from the corresponding author (T.Y. (tyoshino@east.ncc.
go.jp) or E.O. (oki.eiji.857@m.kyushu-u.ac.jp)). Any requests will be
reviewed within a timeframe of 2-3 weeks by the CIRCULATE-Japan
study steering committee to verify whether the request is subject to
any intellectual property or confidentiality obligations. All datashared
will be de-identified and will be provided to researchers with access
limited for scientific verification purposes and with strict prohibitions
onsecondary use.

Code availability

The fully documented code and raw outputs for the R statistical com-
puting environment for analyses related to this manuscript are depos-
ited at the GitHub repository and can be accessed at https://github.
com/Natera-TMED/Nakamura-et-al_CIRCULATE-JP-Galaxy-2024.git.
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Extended Data Fig. 3| ctDNA status in the MRD and surveillance windows
and subsequence radiological recurrence status. a. Sankey plot depicting
the percentage of all patients in the cohort (N = 2,240) with MRD-positivity or
-negativity, the percentage of patients with subsequent ctDNA status during
surveillance (after ACT or observation), and the percentage of each group
with confirmed radiological recurrence. b. Among patients with ctDNA status
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observation), and the percentage of each group with confirmed radiological
recurrence. Abbreviations: MRD, molecular residual disease; NA, not available.
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is predictive of post-recurrence survival among patients who recurred. were estimated from the landmark time point. c. Bar plot demonstrating the
a-b. Kaplan-Meier estimates for PRS stratified by ctDNA status during the proportion of ctDNA-negative (N = 90) and ctDNA-positive (N = 79) patients
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Extended Data Fig. 5| Association of actionable biomarker status with

DFS. a-b. Kaplan-Meier estimates for DFS stratified by the presence of genomic
biomarkers among patients with pathological stage I-1ll colon cancer (a) and
pathological stage IV colorectal cancer (b). *MSI high and TMB high lines overlap
with each other. Two-sided Chi-square test for bar plots: P=5.08 x107 (a) c-d.
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(N=2,040).P=9.47x107°(c); P=2.96 x107° (d). Two-sided Chi-square test for bar
plots: P=3.27x107(c); P=2.59 x 102 (d). Hazard ratios (HRs) and 95% Cls were
calculated using the Cox proportional hazard model. P values were calculated
using the two-sided log-rank test. This analysis was landmarked from the date of
the MRD time point.
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Extended Data Fig. 6 | Combination of MRD status, BRAF mutation status,

plots: P=6.50 x107® (b). Hazard ratios (HRs) and 95% Cls were calculated using

and MSl statusis predictive of DFS. a-b. Kaplan-Meier estimates for DFS
stratified by BRAF mutation status (wild-type versus V6OOE) and MSI status (MSI
high versus MSS) among patients who were MRD-positive (a) or MRD-negative
(b). P=4.95x107 (b, BRAFWT & MSI high). Two-sided Chi-square test for bar

the Cox proportional hazard model. Pvalues were calculated using the two-sided
log-rank test. This analysis was landmarked from the date of the MRD time point.
Median DFS and percent DFS at 24 months are estimated from the landmark time
point. Abbreviations: WT, wild-type; MRD, molecular residual disease.
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Extended Data Fig. 7 | ctDNA-based MRD testing is predictive of the benefit of
ACT in postsurgical patients with colon cancer. a-f. Kaplan-Meier estimates for
DFS stratified by adjuvant treatment (observation versus ACT) in MRD-positive
and -negative patients with: (a-b) pathological high-risk stage Il or stage I, (c-d)
high-risk stage Il and (e-f) stage Il disease. P=1.43 1072 (a); P=5.38 X107 (c);
P=8.79 x107° (e). Two-sided Chi-square test for bar plots: P=1.39 107 (a). *HR

was adjusted by age, sex, stage (A, B), and ECOG performance status. Hazard
ratios (HRs) and 95% Cls were calculated using the Cox proportional hazard
model. Pvalues were calculated using the two-sided log-rank test. The analysis
was landmarked at 2 months post-surgery. Median DFS and percent DFS at 24
months were estimated from the landmark time point. Abbreviations: ACT,
adjuvant chemotherapy; MRD, molecular residual disease.
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Extended Data Fig. 8| MRD-negative patients with T3NO or T4NO disease
do not derive benefit from ACT. a-b. Kaplan-Meier estimates for DFS stratified
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DFS and percent DFS at 24 months were estimated from the landmark time point.
Abbreviations: ACT, adjuvant chemotherapy.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-024-03254-6

a Stage IV patients with NAC: MRD-positive 100 P =0.6673 Stage IV patients without NAC: MRD-positive 100,;, =0.00198
1.00 1 5 1.00
— 2
g 2 . 11
% 0.75 Adj. HR* = 2.50 (1.20-5.19); P =0.014 75 3 075 Adj. HR* = 7.37 (3.33-16.33); P <0.0001 375
a Adj. HR* = 0.40 (0.19-0.83); P =0.014 9 2 Adj. HR* = 0.14 (0.06-0.30); P <0.0001 %
Q = -
© 050 250 T 050 50
T 9 3 K
) g g ACT ¢
0.25 8 025
2 25 o Observation 2
o Observation
0.00 | 0 0.00 0
0 6 12 18 24 30 ACT Observation 0 6 12 18 24 30 36 ACT Observation
Time from landmark time point (months) No recurrence Time from landmark time point (months) No recurrence
Number at risk MRecurrence Number at risk ERecurrence
Observation 32 2 2 1 1 0 Observation 28 4 0 0 0 0 0
ACT 14 4 3 1 1 0 ACT 26 16 12 7 5 4 3
CtDNA status ACT Observation ctDNA status ACT Observation
Events % 92.86 (13/14) 100 (32/32) Events % 57.69 (15/26) 96.43 (27/28)
3M-DFS % (95% Cl)  71.43 (40.63-88.20) 21.88 (9.65-37.20) 3M-DFS % (95% Cl) 92.30 (72.60-98.0) 50 (30.60-66.60)
6M-DFS % (95% ClI) 28.57 (8.83-52.40) 6.25 (1.11-18.10) 6M-DFS % (95% Cl) 65.0 (43.4-80.0) 14.3 (4.50-29.50)
24M-DFS % (95% ClI) 7.14 (0.45-27.50) 3.12 (0.24-13.70) 24M-DFS % (95% Cl) 36.70 (17.6-56) NR
mDFS (mo) 3.78 (3.13-12.59) 1.46 (0.86-2.44) mDFS (mo) 14.20 (5.92-NR) 2.8 (1.12-3.52)
c Stage IV patients with NAC: MRD-negative 100 P =0.4262 d Stage IV patients without NAC: MRD-negative 100 P=0.3824
1.00 = 1.00
- 2
[ 2
s =]
z 075 "5 29 60 3 0.75 ACT =7
N ACT X 3 e 36 51
8 @ [ —# T
£ 050 Z 50 L 050 Observation .8 50
T Observation 2 7] ©
8 § 3 AT p= &
8 0.25| Adj. HR* = 1.48 (0.77-2.84); P =0.241 25 & 025| AdiHR"=1.30(0.67-2.51), P =0.432 25
2 Adj. HR* = 0.68 (0.35-1.30); P =0.241 Adj. HR* = 0.7 (0.40-1.48); P =0.432
0.00 0 0.00 0
0 6 12 18 24 30 36 42 48 ACT Observation 0 6 12 18 24 30 36 ACT Observation
Time from landmark time point (months) No recurrence _ Time from landmark Time point (Months) No recurrence
Number at risk MRecurrence Number at risk WRecurrence
Observation 113 83 68 48 29 21 10 1 0 Observation 81 73 56 44 25 15 6
ACT 30 25 22 16 11 8 7 2 0 ACT 50 48 41 29 16 7 3
CtDNA status ACT Observation CtDNA status ACT Observation
Events % 36.67 (11/30) 46.90 (53/113) Events % 28.0 (14/50) 37.04 (30/81)

24M-DFS % (95% ClI)
36M-DFS % (95% Cl)
mDFS (mo)

58.90 (37.30-75.30)
58.90 (37.30-75.30)
NR (20.10-NR)

50.40 (40.0-59.80)
48.40 (37.90-58.20)
27.90 (15.30-NR)

Extended Data Fig. 9 | MRD-positive patients but not MRD-negative patients
with stage IV CRC derive benefit from ACT regardless of whether they
received neoadjuvant chemotherapy or not. a-b. Kaplan-Meier estimates for
DFS stratified by adjuvant treatment (observation versus ACT) in MRD-positive
patients with stage IV CRC who received NAC (a) or did not receive NAC (b).
P=8.34x107(b). c-d. Kaplan-Meier estimates for DFS stratified by adjuvant
treatment (observation versus ACT) in MRD-negative patients with stage [V CRC
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who received NAC (c) or did not receive NAC (d). HR was adjusted by age, sex and
ECOG performance status. Hazard ratios (HRs) and 95% Cls were calculated using
the Cox proportional hazard model. Pvalues were calculated using the two-sided
log-rank test. The analysis was landmarked at 2 months post-surgery. Median
DFS and percent DFS at 24 months were estimated from the landmark time point.
Abbreviations: NAC, neoadjuvant chemotherapy; ACT, adjuvant chemotherapy.
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Extended Data Table 1| Patient characteristics at baseline

a. Baseline characteristics for patients with stage Il colon cancer (N=1,822) c. Patients with stage IV CRC: Organs involved in metastasis (N=418)

N N Organs involved in Metastasis n (%)
Patients with stage I-lll colon cancer N (%)
Unknown 8 (1.9%)
Pathological Stage
Anal canal 1(0.2%)
| 234 (13%)
Appendix, Adrenal gland 1(0.2%)
Il 652 (36%)
Appendix, Lymph Node 1(0.2%)
1 936 (51%)
Bone 1(0.2%)
Surgical Margins
Cervix, Uterine body, Ovary 1(0.2%)
o
RO 1,822 (100%) Colon, Appendix 1(0.2%)
Adjuvant Treatment Colon, Liver 1(0.2%)
Adjuvant Chemotherapy 822 (45%) Colon, Liver, Uterine body, Femoral nerve, lliopsoas muscle 1 (0.2%)
Observation 1,000 (55%) Colon, Lymph Node 1(0.2%)
ctDNA at the MRD Window Colon, Peritoneum 2(0.5%)
Negative 1,493 (88%) Colon, Rectum, Peritoneum 1(0.2%)
Positive 209 (12%) Gallbladder/Bile duct, Pancreas 1(0.2%)
Li 214 (51%
Unknown 120 ver ®1%)
Liver, Gallbladder/Bile duct 38 (9.1%)
ctDNA at the Surveillance Window
Liver, Lung 1(0.2%)
Negative 1,273 (87%)
Liver, Lymph node 2(0.5%)
Positive 189 (13%)
Liver, Peritoneum 5(1.2%)
Unknown 360
Liver, Peritoneum, Diaphragm 1(0.2%)
ctDNA MRD (-) — ctDNA Surveillance (+) 91
Liver, Spleen 1(0.2%)
Lung 73 (17%)
Lymph node 16 (3.8%)
b. Baseline characteristics for patients with stage IV colorectal cancer (N=418)
Lymph Node 1(0.2%)
Patients with stage IV colorectal cancer N (%)
Ovary 1(0.2%)
Surgical Margins Peritoneum 20 (4.8%)
RO 1,822 (100%) Peritoneum, Ovary 1(0.2%)
Peritoneum, Pancreas, Spleen 1(0.2%)
Neoadjuvant Treatment
Peritoneum, Uterine Body, Ovary 1(0.2%)
Neoadjuvant Chemotherapy 211 (51%)
Rectum 5(1.2%)
Upfront Surgery 207 (49%)
Rectum, Cervix, Uterine body, Ovary, Vagina 1(0.2%)
Adjuvant Treatment . X
Rectum, Liver, Appendix 1(0.2%)
Adjuvant Chemotherapy 124 (30%) Rectum, Lymph node 2(0.5%)
Observation 294 (70%) Small intestine 1(0.2%)
ctDNA at the MRD Window Small intestine, Colon, Liver, Pancreas, Peritoneum 1(0.2%)
Negative 280 (69%) Small intestine, Colon, Pancreas, Peritoneum 1(0.2%)
Positive 127 (31%) Small intestine, Colon, Rectum, Urinary tract 2(0.5%)
Small intestine, Colon, Urinary tract, Lymph node 1(0.2%)
Unknown 1
Small intestine, Peritoneum, Urinary tract 1(0.2%)
ctDNA at the Surveillance Window
Small intestine, Uterine body, Urinary tract 1(0.2%)
Negative 208 (63%)
Spleen 1(0.2%)
Positive 124 (37%) §
Transverse colon, Descending colon 1(0.2%)
Unknown 86 Urinary Tract 1(0.2%)
ctDNA MRD (-) — ctDNA Surveillance (+) 68 Urinary Tract, Lymph Node 1(0.2%)

Baseline characteristics for patients with stage I-Ill colon cancer (n=1,822). ®Baseline characteristics for patients with stage IV colorectal cancer (n=418). °Patients with stage IV CRC: organs
involved in metastasis (n=418).
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Data collection  All data collection was done by input into an EDC systems; the EDC was TrialMaster version 5.0 (update 6) from Anju LifeSciences software.

Data analysis Survival analyses were carried out using R software v4.4.0 using packages survival (v.3.7.0), survminer (v.0.4.9) and coxphf (v.1.13.4). The
exact P values from Cox regression hazard models were calculated using package Rmpfr (v.0.9.5). The Kaplan—Meier method was used to
estimate the survival distribution. Differences between the groups were tested using the log-rank test. A multivariable Cox proportional
hazards model was used to assess prognostic factors associated with DFS.
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deidentified Raw data of patient characteristics, outcomes (DFS and OS), complete ctDNA results (at the MRD window, 3- and 6-months timepoints and surveillance
windows, ctDNA clearance post MRD window, and molecular recurrence). To protect the privacy and confidentiality of patients in this study under the Japanese Act
on the Protection of Personal Information, identifiable clinical data are not made publicly available in a repository or the supplementary material of the article but
can be requested at any time from the corresponding author [Takayuki Yoshino (tyoshino@east.ncc.go.jp) or Eiji Oki (oki.eiji.857@m.kyushu-u.ac.jp)]. Any requests
will be reviewed within a time frame of 2 to 3 weeks by the CIRCULATE-Japan study steering committee to verify whether the request is subject to any intellectual
property or confidentiality obligations. All data shared will be de-identified and will be provided to researchers with access limited for scientific verification purposes
and strict prohibitions on secondary use.

The fully documented code and raw outputs for the R statistical computing environment for analyses related to this manuscript are deposited at the github
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Reporting on sex and gender Information on patient sex was collected. Patient sex was self-reported by study participants. Of the total 2,240 patients
analyzed, 1,149 (51%) were males and 1,091 (49%) were females.
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groupings

Population characteristics Patient characteristics are summarized in Fig. 1b. Extended Data Tables 1a and 1b describe characteristics for patients with
stage |-l and stage IV disease, respectively, and Extended Data Table 1c lists organs involved in metastasis for stage IV
patients.

Recruitment All registration was done on a voluntary basis by researchers at each participating site. The possibility of bias in the selection
by researchers cannot be ruled out. However, since enrollment was prospective and each site enrolled most of the cases that
fit the criteria, we believe that bias was suppressed as much as possible.

Ethics oversight All patients provided written informed consent before participation in the study. The clinical protocol was approved by the

Institutional Review Board of the National Cancer Center Japan and authorized by the head of each participating institution.
The GALAXY study has been registered in the Japan Registry of Clinical Trials (UMINO00039205). The study was conducted in
accordance with the Declaration of Helsinki.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size This is an updated analysis of the planned GALAXY study to evaluate overall survival. The data cutoff for this analysis was performed to allow
for sufficient follow-up to evaluate the impact of circulating tumor DNA-based molecular residual disease (MRD) status on the overall survival.
No other sample size calculation was performed for ctDNA analysis. The sample size was determined by the available number of patients who
had evaluable tissue available for whole exome sequencing and blood samples at prespecified time points as mentioned in study protocol.

Data exclusions  Complete detail on exclusions in provided in Figure 1B. Specifically, Patients with stage I-Ill rectal cancer were excluded from the analysis, as
the clinical management of these patients differs significantly from those with stage I-1ll colon cancer. Additionally, patients enrolled in
associated interventional phase Ill trials (ALTAIR and VEGA), and patients whose sample(s) failed quality control metrics were excluded.

Replication Due to sample size and biospecimen availability, ctDNA measurements were performed once on each sample and were not repeated. Note
that the ctDNA assay run on the patient samples has been analytically validated previously.

Randomization  Thisis an observational study and is not a randomized trial.
Blinding The ctDNA measurements were conducted by Natera in a manner that kept them blinded to clinical data including DFS, OS and objective

response. All treatment and clinical management decisions were made blinded to ctDNA results. All clinical outcome data were collected by
individuals blinded to the ctDNA results.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines IZI |:| Flow cytometry
Palaeontology and archaeology IZ D MRI-based neuroimaging
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  The study has been registered in the University hospital Medical Information Network (UMINO00039205).
Study protocol The study protocol is submitted along with the manuscript.

Data collection Between May 2020 and February 2024, a total of 6,061 patients with surgically resectable, stage I-IV CRC were prospectively enrolled
in the GALAXY study at 92 institutions. Of these 6,061 patients, 2,240 patients with stage IV rectal or any stage colon cancer were
included in this analysis. Blood samples were collected at 4, 12, 24, 36, 48, 72, and 96 weeks after surgery until recurrence.
Computed tomography (CT) imaging was performed every 6months after surgery. All data collection was done by input into an EDC
systems; the EDC was TrialMaster version 5.0 (update 6) from Anju LifeSciences software.

Outcomes A statistical analysis plan was developed prior to data analysis. The primary endpoints were DFS and OS. DFS was defined as the time
between the date of landmark and the date of diagnosis with recurrence or death due to any cause or the latest radiological
assessment. For DFS, an event was defined as recurrence or death due to any cause. Recurrence was determined based on diagnostic
imaging or any other diagnostic procedure if imaging was not confirmative (e.g. colonoscopy to diagnose local recurrence). OS was
defined as the time between the date of landmark and the date of death due to any cause or latest clinical follow-up. The chi-
squared test was used to compare categorical variables. Survival analyses were carried out using R software v4.4.0 using packages
survival (v.3.7.0), survminer (v.0.4.9) and coxphf (v.1.13.4). The exact P values from Cox regression hazard models were calculated
using package Rmpfr (v.0.9.5). The Kaplan—Meier method was used to estimate the survival distribution. Differences between the
groups were tested using the log-rank test. A multivariable Cox proportional hazards model was used to assess prognostic factors
associated with DFS. Clinically relevant cutoffs were applied for demographic variables, wherever appropriate.

MRD analyses were landmarked at the date of MRD time point to account for immortal time bias. Surveillance analyses were
landmarked at 10 weeks post-surgery, since patients with CRC typically receive an adjuvant therapy around 8-10 weeks post-surgery
per current clinical guidelines. Thus 10-week landmark ensures that both the ACT-treated and non ACT-treated (Observation)
populations are alive and free of clinical events independent of whether they had ctDNA time point and adjuvant treatment,

The secondary endpoint was ctDNA clearance after ACT, and the exploratory endpoint was molecular recurrence analysis (conversion
of ctDNA status to positive post MRD window in ctDNA MRD-negative patients) and Cox regression was used to compare the survival
benefit between the ACT and observation groups, was landmarked at 2 months post-surgery, and was adjusted for age, sex, stage,
performance status, and MSI status. ctDNA clearance at 3 months and at 6 months were defined as ctDNA clearance from MRD time
point to the 3 months (70-112 days post-surgery) and 6 months (160-200 days post-surgery) time point, respectively, in patients
treated with ACT. The definition of clearance at 6 months was independent of the clearance status at 3 months. ctDNA clearance
analyses were landmarked at 3 months and 6 months, respectively. In patients who were ctDNA positive during the MRD window and
received ACT, sustained clearance was defined as ctDNA clearance that was achieved post-MRD and persisted for two or more
subsequent ctDNA time points, while transient clearance was defined as ctDNA clearance post-MRD which reverted to ctDNA
positive at any subsequent time point. The association of ctDNA-based MRD with recurrence risk according to each actionable
biomarker was evaluated by comparing DFS between patients with a specific actionable biomarker who had either positive or
negative ctDNA at the MRD timepoint. P values <0.05 were considered statistically significant.




Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A

S
Q
9
c
=
@

©
(@)
=
o
=
-
™

©
(@)
=1
>

Q
wm
c
3
=
Y
=

<




	ctDNA-based molecular residual disease and survival in resectable colorectal cancer

	Results

	Patient characteristics

	ctDNA status in the MRD and surveillance windows

	Impact of ctDNA status on post-recurrence survival

	MRD status is prognostic of DFS across actionable biomarkers

	MRD status identifies patients likely to benefit from ACT

	Association of ctDNA clearance at 3 months and 6 months with DFS and OS

	ctDNA clearance patterns and molecular recurrence


	Discussion

	Online content

	Fig. 1 Patient inclusion and baseline characteristics.
	Fig. 2 ctDNA status in the MRD and surveillance windows is predictive of survival outcomes in post-surgical patients with CRC.
	Fig. 3 ctDNA positivity during the MRD and surveillance windows was significantly associated with inferior OS of patients who had radiological recurrence.
	Fig. 4 MRD positivity was associated with worse DFS compared to MRD negativity consistently across all actionable biomarkers.
	Fig. 5 Among patients with ctDNA positivity during the MRD window, ctDNA clearance is associated with superior DFS compared to no ctDNA clearance.
	Fig. 6 Patients turning ctDNA positive after MRD negativity or transient ctDNA clearance.
	Extended Data Fig. 1 ctDNA status in the MRD window is predictive of DFS across all stages in postsurgical patients with CRC.
	Extended Data Fig. 2 ctDNA status in the MRD window is predictive of DFS and OS among patients with stage I-III colon cancer and stage IV CRC.
	Extended Data Fig. 3 ctDNA status in the MRD and surveillance windows and subsequence radiological recurrence status.
	Extended Data Fig. 4 ctDNA status in the MRD and surveillance windows is predictive of post-recurrence survival among patients who recurred.
	Extended Data Fig. 5 Association of actionable biomarker status with DFS.
	Extended Data Fig. 6 Combination of MRD status, BRAF mutation status, and MSI status is predictive of DFS.
	Extended Data Fig. 7 ctDNA-based MRD testing is predictive of the benefit of ACT in postsurgical patients with colon cancer.
	Extended Data Fig. 8 MRD-negative patients with T3N0 or T4N0 disease do not derive benefit from ACT.
	Extended Data Fig. 9 MRD-positive patients but not MRD-negative patients with stage IV CRC derive benefit from ACT regardless of whether they received neoadjuvant chemotherapy or not.
	Extended Data Table 1 Patient characteristics at baseline.




