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Gastroesophageal cancer dynamics and drivers of clinical responses
withimmune checkpoint inhibitors (ICI) remain poorly understood.

Potential synergistic activity of dual programmed cell death protein 1 (PD-1)
and lymphocyte-activation gene 3 (LAG-3) inhibition may help improve
immunotherapy responses for these tumors. We report a phase Ib trial that
evaluated neoadjuvant nivolumab (Arm A, n=16) or nivolumab-relatlimab (Arm
B, n=16) in combination with chemoradiotherapy in 32 patients with resectable
stage ll/stage lll gastroesophageal cancer together with anin-depth evaluation
of pathological, molecular and functionalimmune responses. Primary endpoint
was safety; the secondary endpoint was feasibility; exploratory endpoints
included pathological complete (pCR) and major pathological response
(MPR), recurrence-free survival (RFS) and overall survival (OS). The study met
its primary safety endpointin Arm A, although Arm B required modification

to mitigate toxicity. pCR and MPRrates were 40% and 53.5% for Arm A and

21.4% and 57.1% for Arm B. Most common adverse events were fatigue, nausea,
thrombocytopenia and dermatitis. Overall, 2-year RFSand OS rates were 72.5%
and 82.6%, respectively. Higher baseline programmed cell death ligand 1 (PD-L1)
and LAG-3 expression were associated with deeper pathological responses.
Exploratory analyses of circulating tumor DNA (ctDNA) showed that patients
withundetectable ctDNA post-IClinduction, preoperatively and postoperatively
had asignificantly longer RFS and OS; ctDNA clearance was reflective of
neoantigen-specific T cell responses. Our findings provide insights into the
safety profile of combined PD-1and LAG-3 blockade in gastroesophageal cancer
and highlight the potential of ctDNA analysis to dynamically assess systemic
tumor burden during neoadjuvant ICIthat may open atherapeutic window for
futureintervention. ClinicalTrials.gov registration: NCT03044613.

Over the past few decades, there have been limited therapeutic CheckMate 577 study resulted in Food and Drug Administration (FDA)
advances in the clinical management of resectable gastroesophageal  approval of adjuvant nivolumab in patients with completely resected
cancers, with the majority of patients experiencing disease progres- esophageal/gastroesophageal junction (E/GEJ) cancer with residual
sion and death within 5 years from diagnosis’. Recently, the phaselll  pathologic disease after neoadjuvant chemoradiotherapy (CRT)? which
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represents a paradigm shift in the management of operable stage Il/
stage Il disease. Early stage gastroesophageal tumors may express high
levels of programmed cell death ligand 1 (PD-L1), indicating the pres-
enceofanadaptiveimmuneresistance mechanism that may bereversed
by anti-PD-1antibodies’. Preclinical and humanstudies have indicated
that neoadjuvant CRT may have a PD-L1 priming effect in operable
E/GE) cancer*®, supporting the rational combination of CRT with
immune checkpoint inhibitors (ICI). Lymphocyte-activation gene 3
(LAG-3)isaco-inhibitory receptor thatis highly expressed in gastroe-
sophageal cancers; therefore, combined anti-LAG-3 and anti-PD-1
therapy has the potential to modulate immune checkpoint pathways,
re-invigorate exhausted T cells and thus enhance antitumor immune
responses®’. Limited data exist for the use of neoadjuvant PD-1 path-
way inhibitors in combination with CRT in operable E/GEJ cancer with
conflicting results to date®™°,

Whiletheintegration ofimmunotherapyinthe therapeutic para-
digm of gastroesophageal cancer is of paramount importance, the
broad efficacy of immunotherapy in this disease remains elusive.
There has been an expanding application of neoadjuvant immuno-
therapy for operable cancer based on the notion and evidence that
immunotherapy capitalizes on the primary tumor as asource of tumor
antigens that could ‘prime’ tumor-specific T cells to seek out micromet-
astatic disease that ultimately drives recurrence after curative-intent
surgery'>", To this end, assessments of systemic tumor burden by
analyses of circulating tumor DNA (ctDNA) may accurately and rapidly
determine tumor regression with neoadjuvant ICI'*" in conjunction
with pathologic and functional T cell responses'?. Preoperative ctDNA
assessments may identify individuals more likely to attain pathologic
complete responses with neoadjuvant ICI and postoperative ctDNA
detection may identify patients with minimal residual disease (MRD)
andanincreasedrisk of disease relapse that may benefit from sequen-
tial therapy'. Nevertheless, the predictive versus prognostic role of
ctDNA remains unclear, with no studies to date in patients with gas-
troesophageal cancer treated in the neoadjuvantimmuno-CRT setting.
Here we present safety, feasibility and efficacy, alongside pathologi-
cal response, circulating tumor burden contraction and systemic
neoantigen-specific T cell responses during neoadjuvant nivolumab
or nivolumab plus relatlimab combined with CRT in patients with
operable stagell/stage Il E/GE] cancer (ClinicalTrials.gov registration:
NCT03044613).

Results

Study design and endpoints

Patients aged 18 years and older, with clinical stage Il/stage Il distal
E/GEJ adenocarcinomaor squamous cell carcinoma (SCC) were eligible
to enrollinthe study. All patients had to have surgically resectable dis-
ease and be a candidate for standard of care CRT followed by surgery.
The following two treatment cohorts were consecutively enrolled:
(1) nivolumab every 2 weeks for two induction cycles then three addi-
tional doses given concurrently with CRT (Arm A) or (2) nivolumab

and relatlimab every 2 weeks according to the same schedule (Arm B;
Fig.1a,b). The primary endpoint of the trial was safety; the secondary
endpoint was feasibility; exploratory endpoints included overall sur-
vival (0S), recurrence-free survival (RFS), major pathological response
(MPR) and pathological complete response (pCR) rates. Exploratory
analyses of serial ctDNA and assessment of neoantigen-specific T cells
in peripheral blood together with gene expression analyses were also
performed on serial biospecimens in each arm (Fig. 1a).

Patient characteristics and treatment

From August 2017 to July 2021, 42 patients were screened and
32 patients were enrolled (Fig. 1b). Their clinical and pathological char-
acteristics are summarized in Table 1. Patients predominantly had
adenocarcinoma histology (87.5%), primary esophageal tumors (81.3%)
and nodalinvolvement (75.0%). Sixteen patients received nivolumab as
induction for two cycles thenin combination with CRT for a total of five
doses (ArmA).InArm B, the first 9 of 16 patients received nivolumab and
relatlimab following the same schedule asin Arm A, while the remaining
7 patients only received nivolumab and relatlimab asinduction due to
aprotocol amendment for toxicity (Supplementary Table 1). Overall,
28 patients completed the full course of neoadjuvant therapy and four
patients (one patient in Arm A and three patients in Arm B) required
ICI discontinuation due to immunotherapy-related adverse events
(irAEs; Supplementary Table 2). Nivolumab and relatlimab combined
with CRT demonstrated unacceptable toxicity, requiring a protocol
amendment per predefined early stopping rules (Supplementary
Table 1). Six of the first nine (66%) patients treated with dual ICI plus
CRT developed grade 3 or higher irAEs including pericarditis (2 of 9,
22%) and adrenal insufficiency (2 of 9, 22%; Supplementary Table 2).
The nivolumab/relatlimab arm was thus amended to include two cycles
of nivolumab and relatlimab only as induction before chemoradia-
tion and was subsequently well tolerated. All patients received both
cycles of induction ICl and 92.1% of planned systemic therapy cycles
were administered. After completion of neoadjuvant therapy, two
patients were ineligible for surgery (due to disease progression, n=1
and CRT-related decreased performance status, n =1) and one patient
declined surgery. Twenty-nine surgical candidates underwent Ivor
Lewis esophagectomy within a median of 8 weeks from completion
of CRT (range: 3.6-11.4 weeks). Eight (28%) patients received adjuvant
therapy as per standard of care—three patientsin Arm A received adju-
vant FOLFOX (folinic acid, 5-fluouracil and oxaliplatin; median duration
12 weeks) and four patients in Arm B received adjuvant nivolumab
(all ongoing at the time of data lock).

Safety and feasibility

The clinical trial met its primary endpoint of safety for Arm A, which
evaluated nivolumab plus chemoradiation, but required an amend-
ment in Arm B to mitigate toxicity. Treatment-related adverse events
(TRAEs) of any grade occurred in all patients, most often related to
chemotherapy orradiation (Supplementary Table 2). Grade 3 or higher

Fig.1| Clinical trial schema, CONSORT flow diagram and patient
characteristics. a, Patients with resectable clinical stage Il/stage Ill distal

E/GEJ adenocarcinoma or SCC were consecutively enrolled in the following two
treatment cohorts: nivolumab every 2 weeks for two induction cycles then three
additional doses given concurrently with chemoradiation (Arm A) or nivolumab
and relatlimab every 2 weeks according to the same schedule (Arm B). Patients
were enrolled in Arm B after safety and feasibility objectives were metin Arm
A.The primary endpoint of the trial was safety; the secondary endpoint was
feasibility; exploratory endpoints included OS, RFS, MPR and pCRrates and
biomarker analyses. Baseline CT and PET/CT scans were obtained before the first
dose of neoadjuvant treatment, and PET/CT was obtained after completion of
neoadjuvant treatment (presurgery). Tumor samples were collected at baseline,
after two cycles of inductionimmunotherapy, and at the time of surgery.

Serial blood samples were collected at baseline, start of cycle 2, start of cycle 3,

before surgery and within 3-12 weeks after surgery. b, CONSORT flow diagram
depicting patient disposition as follows: of the 42 patients screened, 8 did not
meetinclusion criteriaand 2 withdrew consent. The remaining 32 patients were
enrolled in the study; 2 patients were not eligible for surgery (1 patient because
of disease progression—PD—and 1 patient because of declining performance
status related to CRT). Of the 30 patients eligible for surgery, 1 patient elected
not to undergo surgery and the remaining 29 patients underwent Ivor Lewis
esophagectomy. ¢, Swimmer’s plot depicting pCR, MPR, CAP tumor regression,
recurrence, death and OS, together with blood collection for liquid biopsy
analyses for each patient. Patients are grouped by trial arm and ordered by OS
within each arm. The bar color indicates pCR. CONSORT, Consolidated Standards
of Reporting Trials; ICI,immune checkpoint inhibitors; neoadj, neoadjuvant;
PD, progressive disease; cfTL, cell-free tumor load.
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TRAEs occurred in 31.3% (95% confidence interval (Cl): 16.1-50.0%) of
patients (18.8%, 95% CI: 4.0-45.6% in Arm A and 43.8%, 95% C1:19.8-70.1
inArmB). Overall, 17 (53.1%, 95% Cl: 34.7-70.9%) patients experienced
irAEs (31.3%,95% CI:11.0-58.7% in Arm A and 75.0%, 95% Cl: 47.6-92.7%in
ArmB), although generally low grade, with dermatitis (31.3%), elevated
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ashort course of prednisone already prescribed for concomitantirAE
dermatitis. Grade 3 or higher irAEs occurred in 8 (25.0%, 95% CI:
11.5-43.4%) of all treated patients, more prevalent with the dual ICI
regimen (2 (12.5% (95% Cl: 0.016-38.3%)) in Arm A and 6 (37.5%, 95%
Cl:15.2-64.6%) in Arm B), and predominantly presenting as dermatitis
(4 (12.5%,95% CI: 3.5-29.0%)), although pericarditis (2 (6.3%)) and adre-
nalinsufficiency (2 (6.3%)) were also notable. Both cases of pericarditis
were from Arm B and required hospitalization—one patient presented
after the first week of concurrent ICI and CRT with acute chest pain
and EKG changes suggestive of pericarditis, which was resolved with
NSAIDs (nonsteroidal anti-inflammatory drugs) and colchicine; the
second patient had already completed their neoadjuvant course and
presented with acute pericardial effusionin the setting of cardiogenic
shock on postoperative day 11, which was resolved with pericardial
window, NSAIDs and colchicine. Neoadjuvant immunotherapy was
discontinued in four patients due to grade 3 irAEs—two with dermatitis,
onewithelevated liver enzymes and one with pericarditis. With respect
to primary adrenal insufficiency, both patients received significant
radiation to the adrenal glands; however, adrenal insufficiency was
likely related to dual ICI rather than radiation (Extended Data Figs. 1
and 2). Overall, irAEs necessitated immunotherapy hold in 18.8% of
patients (95% Cl: 7.2-36.4%), 2 (12.5%, 95% Cl: 1.6-38.3%) in Arm A and
4 (25.0%, 95% Cl:7.3-52.4%) in Arm B); or discontinuation in 12.5% of
patients (95% Cl: 3.5-29.0%),1(6.3%, 95% CI: 0-30.2%) in Arm A and 3
(18.8%,95% Cl: 4.0-45.6%) in Arm B, respectively. None of the seven
patientsin the amended Arm B that received immunotherapy only as
inductionexperienced anirAE-related treatment hold or discontinua-
tion. There was one death in the immediate postoperative period due
to septic shock unrelated to systemic therapy.

Feasibility was assessed through the proportion of eligible patients
who proceeded to surgery without substantial treatment-related delay;
thelatter was defined as more than11 weeks from completion of chemo-
radiation. A Bayesian continuous monitoring plan was used to monitor
ifthe proportion was evidently greater than 75% (for example, at most
25% of cases with substantial delays). Of the patients eligible for surgery
after completion of neoadjuvant therapy, one patient declined surgery
(Arm B) and another patient underwent resection at 11.4 weeks after
chemoradiation due to travel logistics (Arm B). All other operative
candidates proceeded to planned surgery without substantial delay
(100% feasibility).

Efficacy and pathological response

Inthe cohort of 29 patients that underwent surgery, the pCR rate was
40.0% (95% Cl:16.3-67.7%) in Arm A and 21.4% (95% CI: 4.7-50.8%) in
Arm B (Fig. 1c, Fig. 2a,b and Supplementary Table 3). Nine (31.03%)
patients had a College of American Pathologists (CAP) tumor regression
scoreof grade 0 (GO), seven G1 (24.14%), ten G2 (34.48%) and three G3
(10.34%), corresponding to zero, 1-10%, 11-50% and 51-100% residual
viable tumor, respectively (Fig. 1c, Fig. 2a and Supplementary Table 3).
MPR, defined as <10% residual tumor cells after neoadjuvant therapy,
occurred in 53.5% of patients (95% Cl: 26.6-78.7%) in Arm A and 57.1%
(95% Cl:28.9-82.3%) in Arm B (Fig. 1c and Supplementary Table 3). By
histology, pCRand MPRrates were 30.8% (95% Cl:14.3-51.8%) and 50.0%
(95% Cl:30.0-70.0%), respectively, for adenocarcinoma and 33.33%
(95% Cl: 0-90.6%) and 100.0% (95% Cl: 29.2-100%), respectively, for
SCC. The RO resection rate was 100%, with a median follow-up time
of 36.4 months (95% Cl: 29.9-43.9) in the overall cohort, 43.9 months
(95% CI: 43.2-not reached (NR)) in Arm A and 27.5 months (95% CI:
18.7-33.9) in Arm B. Median RFS was 41.1 months (95% CI: 29.4-NR);
34.1 months (95% CI: 21.6-NR) in Arm A and not reached in Arm B
(Fig.2c,d). Overall 2-year RFS rate was 72.5% (95% CI: 57.8-90.1%); 62.5%
(95% CI: 42.8-91.4%) in Arm A and 87.1% (95% Cl: 71.8-100%) in Arm B.
Overall 2-year OS rate was 82.6% (95% Cl: 69.7-97.8%); 75.0% (95% Cl:
56.5-99.5%) in Arm Aand 93.8% (95% CI: 82.6-100%) in Arm B. Median
OSwasnotreachedin either arm (Fig. 2e,f).

Table 1| Patient and tumor baseline characteristics

Characteristics Whole cohort ArmA ArmB
(N=32) (n=16) (n=16)
Age—mean (s.d.) 63 (7.95) 60.25 (9.5) 65.75 (4.91)
Age—median (range) 65 (39, 73) 61(39, 73) 66 (57,72)
Sex—no. (%)
Male 26 (81.25) 13 (81.25) 13 (81.25)
Female 6 (18.75) 3(18.75) 3(18.75)
Smoking—no. (%)
Never 17(53.12) 9(56.25) 8(50)
Former 15 (46.88) 7 (43.75) 8(50)
Clinical stage—no. (%)
Stage Il 20 (62.5) 9 (56.25) 11(68.75)
Stage lll 12(37.5) 7(43.75) 5(31.25)
Clinical N stage—no (%)
Node positive 24 (75.0) 12 (75.0) 12 (75.0)
Anatomic location—no. (%)
Esophagus 26 (81.25) 13(81.25) 13 (81.25)
GEJ 6 (18.75) 3(18.75) 3(18.75)
Histology—no. (%)
Adenocarcinoma 28 (87.5) 14 (87.5) 14 (87.5)
SCC 4(12.5) 2(12.5) 2(12.5)
PD-L1 expression—no (%)
CPS <1 1(34.4) 4(25) 7(43.8)
CPS21<5 5 (15.6) 2(12.5) 3(18.8)
CPS25<10 4(12.5) 2(12.5) 2(12.5)
CPS210 9(28) 5(31.2) 4(25)
Nonevaluable 3(9.4) 3(18.8) 0(0)
Biomarker expression

In evaluating baseline tumor specimens with adequate tissue for
immunohistochemistry (Methods), PD-L1 combined positive score
(CPS) was evaluable for 29 of 32 (90.6%) patients. Eleven tumors (11 of
29,37.9%) were negative for PD-L1 (CPS <1), while 18 (18 0f 29, 62.1%) were
positive for PD-L1 (Fig. 2a, Table 1and Supplementary Tables 4 and 5).
There was no significant difference in baseline PD-L1 CPS between
patientsin ArmAand Arm B (Fisher’sexact, P= 0.95).Inresected speci-
mens, PD-L1 expression was evaluable for 15 of 20 (75%) patients with
residual tumor. Three tumors (3 of 15, 20%) were negative for PD-L1
(CPS<1),while12 (12 0f15,80%) were positive for PD-L1 (Supplementary
Table4). Human epidermal growth factor receptor 2 (HER2) expression
was evaluable in 15 of 20 (75%) resected specimens, with the majority
being HER2 negative (n =13,86.67%; Supplementary Table 4). Thirteen
(130f13,100%) evaluable resected tumors were mismatch repair (MMR)
proficient by immunohistochemistry (Supplementary Table 4).
Overall, baseline PD-L1 expression was not associated with pCR
or MPR (Supplementary Table 6), with a trend toward enrichment for
baseline PD-L1 CPS =5 in tumors with pCR (Fisher’s exact P=0.089).
Patients with tumors with baseline PD-L1 CPS =5 had a longer RFS
(median RFS not reached versus 29.34 months for CPS =5 and <5,
respectively; log-rank, P=0.013; Fig. 2g), with a trend toward longer
OS (median OS not reached for both CPS >5 and <5; log-rank, P= 0.13;
Extended Data Fig. 3). Similarly, patients with adenocarcinomas har-
boring a baseline PD-L1 CPS score =5 had a longer RFS (median RFS
not reached versus 29.34 months; log-rank, P= 0.026; Extended Data
Fig. 3). We then evaluated changes in PD-L1 expression in resected
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Fig. 2| Clinical outcomes, pathological response and biomarker
expression. a, Select clinical and pathological features for each patient that
underwent resection after neoadjuvant nivolumab + CRT (Arm A; n =15) and
nivolumab + relatlimab + CRT (Arm B; n = 14). b, Waterfall plot of pathological
tumor regression (computed as % viable tumor - 100%) for each patient. c,
Kaplan-Meier curve of probability of RFSin all patients treated in Arm A (n =16).
d, Kaplan-Meier curve of probability of RFS in all patients treated in Arm B
(n=16).e,Kaplan-Meier curve of the probability of OS in all patients treated
inArmA (n=16).f, Kaplan-Meier curve of the probability of OSin all patients
treated in Arm B (n =16). g, Kaplan-Meier curve of probability of RFS in patients
based on baseline tumor PD-L1 CPS; patients with a CPS >5 at baseline (n =16) had
alonger RFS compared to patients with a CPS <5 (n = 13; median RFS not reached

versus 29.34 months for CPS =5 and <5, respectively; log-rank, P= 0.013).

h, Patients who attained an MPR (n =11) had a higher LAG-3 expression at baseline
compared to patients witha non-MPR (n =11; median LAG-3 expression 6.68
versus 6.01, respectively, two-sided Wilcoxon rank-sum test, P= 0.016). i, These
findings were driven by Arm B, as patients who attained an MPR (n=4) had a
higher baseline LAG-3 expression (median LAG-3 expression 6.77 versus 5.95,
respectively, two-sided Wilcoxon rank-sum test, P= 0.016). All box plots depict
the median value, with the lower and upper hinge corresponding to the first and
third quartiles, respectively. The upper whisker extends from the upper hinge
to at most 1.5x interquartile range and the lower whisker extends from the lower
hinge to at most 1.5x interquartile range. MMRp, mismatch repair proficiency.
Prob, probability.
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tumors afterimmuno-CRT compared to baseline, but did not observe
significant differences (n =14; Fisher’s exact, P=0.26 for all patients
and n=13; Fisher’s exact, P = 0.24 for the adenocarcinoma subset).
There were no significant differences in OS or RFS for patients with
PD-L1increase after immuno-CRT (n=5) compared to those without
PD-L1expression changes (n=9;log-rank, P=0.82and P=0.42for OS
and RFS, respectively).

Aspartofthe study’s exploratory analyses, we evaluated the asso-
ciation between baseline LAG-3 expression and pathologic response
(n=25).There was no significant difference in baseline LAG-3 expres-
sion between Arms A and B (median LAG-3 normalized log, expres-
sion of 6.12 versus 6.09, respectively; Wilcoxon rank-sum test, P=1;
Extended Data Fig. 3 and Supplementary Table 7). Patients who
attained a pCR had a trend toward higher baseline LAG-3 expression
(median LAG-3 normalized log, expression 6.78 versus 6.08, respec-
tively; Wilcoxon rank-sum test, P=0.059; Extended Data Fig. 3 and
Supplementary Table 7). Similarly, patients who attained an MPR had
higher baseline LAG-3 expression (median LAG-3 normalized log,
expression 6.68 versus 6.01, respectively; Wilcoxon rank-sum test,
P=0.016; Fig. 2h). These findings were driven by patientsin the relatli-
mab arm, where patients who attained an MPR had a higher baseline
LAG-3 expression (median LAG-3 normalized log, expression 6.77
versus 5.95, respectively; Wilcoxon rank-sum test, P= 0.016; Fig. 2i).
In contrast, we did not find a correlation between LAG-3 expression
and MPR (Wilcoxon rank-sum test, P = 0.45; Extended Data Fig. 3) or
pCR (Wilcoxonrank-sumtest, P=0.22) in Arm A. Taken together, these
findings suggest that LAG-3 expression may be predictive of response
to combined anti-LAG-3 and anti-PD-1therapy.

ctDNA status correlates with tumor regression and outcomes

Next, we sought to evaluate the depth of tumor regression with neo-
adjuvant immuno-CRT at a molecular level, using ctDNA analyses,
and address whether ctDNA clearance predicted RFS. As part of the
study’s exploratory analyses, ultra-sensitive targeted next-generation
sequencing (NGS) of 173 serial plasma and matched white blood cell
(WBC) DNA samples (Supplementary Tables 8-10) allowed for the
detection and longitudinal tracking of tumor-specific sequence altera-
tions. ctDNA was assessed at baseline (before treatmentinitiation on
trial), D14 (14 days after the start of neoadjuvant ICI), post-IClinduc-
tion (after two cycles of ICI, that is, 28 days), preoperative (before
surgery) and postoperative (within 3-12 weeks after surgery). Using
atumor-agnostic, matched WBC DNA-informed deep sequencing
approach coupled with a branched logic to assign variant cellular
origin (Methods), we found that the plasma variant repertoire com-
prised 36% (27 of 74 variants) clonal hematopoiesis (CH), 16% germline
(12 of 74 variants) and 47% (35 of 74 variants) tumor-derived muta-
tions (Fig. 3a and Supplementary Table 10). At least one CH-derived
variant was detected in 43.8% (14 of 32) of patientsin the study cohort.
Tumor-derived variants were identified in 62.5% (20 of 32) of patients,

while 37.5% (12 of 32) of patients had only CH-derived or germline
variants detected. Most tumor-derived variants were patient-specific;
there were no recurrent mutations associated with therapeutic effi-
cacy. Twelve patients without any tumor-derived variants detected
at any time point were classified in the ctDNA undetectable group
(ctDNA UD) and considered nonevaluable for subsequent circulating
tumor burden assessments (Methods).

We defined ctDNA as detected (ctDNA+) if >1 tumor-derived vari-
ants were detected at any mutant allele frequency (MAF), whereas
ctDNA was deemed undetectable (ctDNA-) if no tumor-derived vari-
ants were detected at the specified time point assessed (Methods;
Supplementary Table 11). Overall, ctDNA dynamics captured patho-
logical tumor regression, while baseline ctDNA levels did not corre-
late with pathological response (Fig. 3b—e and Extended Data Fig. 4).
Representative examples of ctDNA kinetics are depicted in Fig. 3b-e.
Of the 20 patients with detectable ctDNA at baseline, we identified 7
(35%) patients with undetectable ctDNA at the post-ICI time point (as
shown for patient CGES26 in Fig. 3b),12 (60%) patients with undetect-
able ctDNA preoperatively (as shown for patient CGES13 in Fig. 3¢)
and 10 (50%) patients with undetectable ctDNA at the postop time
point (as shown for patient CGES56 in Fig. 3d). Five patients showed
sustained clearance of ctDNA at all time points, while 2 patients had
ctDNA persistence throughout preoperative and postoperative sam-
pling (as shown for patient CGES15 in Fig. 3e). There were no statisti-
cally significant differences in ctDNA status (including undetectable
ctDNA) between Arms A and B of the trial; of note, a trend toward
enrichmentin ctDNA status post-IClinduction was observedin ArmB
(Fisher’sexact, P=0.065). Detectable ctDNA at the post-ICl time point
correlated with residual tumor >20% at the time of resection (Fisher’s
exact, P=0.034; Extended Data Fig. 4), and patients with detectable
ctDNA post-ICl or preoperatively had a numerically higher residual
tumor content at the time of resection (Extended Data Fig. 4). ctDNA
detectable status post-ICl or preoperatively was not concordant with
pCRor MPR (Fisher’sexact P> 0.5).

We then assessed the association of ctDNA kinetics with RFS
and OS. Patients with undetectable ctDNA post-ICI had a longer
RFS compared to patients with detectable ctDNA post-ICI (median
RFS 41.02 months versus not reached versus 21.54 months for ctDNA
UD, ctDNA- and ctDNA+, respectively; log-rank, P=0.038 in Fig. 4a;
log-rank, P=0.032 for detectable versus undetectable post-ICl in
Fig. 4b). Similarly, patients with undetectable ctDNA throughout the
study or at the preoperative time point had a longer RFS compared
to patients with detectable preoperative ctDNA (median RFS 41.02
versus 32.72 versus 7.80 months, respectively; log-rank, P=0.005
and median RFS 32.72 versus 7.80, respectively; log-rank, P=0.012 in
Fig.4c,d).Inassessing ctDNAMRD, patients with undetectable ctDNA
atthe postoperative time point had alonger RFS compared to patients
with detectable ctDNA (median RFS not reached versus 7.80, respec-
tively; log-rank, P=0.007 (Fig. 4e)). Similar trends were observed with

Fig.3|Landscape of ctDNA genomic alterations and ctDNA dynamicsin
patients with differential tumor regression and long-term outcomes with
neoadjuvantimmune checkpointinhibition. a, The origin of each variantis
shown along with its detection across time points. Genes displayed on the left
are ones that fall within the overlapping regions of interest of the two targeted
NGS gene panels used (Methods). Alteration prevalence for each geneis listed
on theright. The mutation count per sample is displayed at the top followed by
rows indicating sample time point, pCR, CAP regression grading, OS, RFS and
recurrence. Liquid biopsy analyses revealed 74 alterations in the 141 evaluable
serial plasma samples obtained from the 32 patients. The variant repertoire
consisted of 12 germline-derived variants, 27 CH-derived variants and 35 tumor-
derived variants. b, Patient CGES26, with a PD-L1 CPS of 35, cleared ctDNA on
day 14 after one dose of neoadjuvant ICI. ctDNA levels remained undetectable
throughout the treatment course, before surgery and postoperatively, which
accurately reflected tumor regression on day 28 as well as <5% residual tumor

atthe time of resection; without evidence of clinical progression within

30.9 months. ¢, For patient CGES13, with a PD-L1 CPS of 5, ctDNA persistence

was noted post-ICl, which was reflective of 60% residual tumor upon rebiopsy.
Nevertheless, ctDNA clearance at the time of resection captured the complete
tumor regression at that time point and undetectable ctDNA at the postoperative
assessment was consistent with aRFS and OS of 43 months. d, Similarly,
detectable ctDNA at the preoperative time point was reflective of residual tumor
of 30% for patient CGES56, with a PD-L1 CPS of 25, who however cleared ctDNA
postoperatively and this was reflected in the absence of disease recurrence.

e, ctDNA status more accurately captured the clinical course of patient CGES15
(PD-L1notevaluable), which showed persistence of ctDNA in the preoperative
and postoperative time points despite a tumor regression of 95% at the time

of resection based on pathological assessment and had disease recurrence at

7.8 months on trial. The original magnification of microscopic imagesis
20x;scale bar:100 pum.
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OS (Extended Data Fig. 5). Five patients with sustained ctDNA clearance
atalltime points attained longer RFS (median RFS not reached versus

29.34 months; log-rank, P=0.08 in Extended Data Fig. 6).
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Notably, pCR or MPR less optimally predicted RFS and OS
for the 20 patients with evaluable ctDNA (Extended Data Fig. 7).
While patients with a pCR (n=9) had either undetectable
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Fig. 4| Association of ctDNA assessment and RFS. ctDNA detection was
assessed at the post-ICI, preoperative and postoperative timepoints. a, Patients
with undetectable DNA throughout the study (gray) or undetectable ctDNA post-
ICI (red) had alonger RFS compared to patients with detectable ctDNA (blue)
post-ICI (median RFS 41.02 months versus not reached versus 21.54 months,
respectively; log-rank, P=0.038). b, Patients with undetectable ctDNA at the
post-ICI time point had alonger RFS compared to patients with detectable
ctDNA post-ICI (median RFS not reached versus 21.54 months, respectively;
log-rank, P=0.032).c,d, Patients with undetectable ctDNA throughout the study
or at the preoperative time point had alonger RFS compared to patients that
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had detectable ctDNA at the preoperative time point (median RFS 41.02 versus
32.72 versus 7.80 months, respectively; log-rank, P= 0.005 (c), and median RFS
32.72 versus 7.80 months, respectively; log-rank, P= 0.012 (d)). e, Patients with
undetectable ctDNA at the postoperative time point had alonger RFS compared
to patients with detectable ctDNA (median RFS not reached versus 7.80 months,
respectively; log-rank, P=0.007). f, When ctDNA was assessed among patients
who did not attaina pCR, non-pCR patients with undetectable ctDNA post-ICI
had alonger RFS compared to non-pCR patients with detectable ctDNA post-ICI
(median RFS not reached versus 21.54, respectively; log-rank, P= 0.058).

ctDNA throughout the study or showed ctDNA clearance, a
higher heterogeneity was observed in the subset of patients with
non-pCR. Among patients with non-pCR (n =11), individuals with
undetectable ctDNA post-ICl had a longer RFS compared to patients
with detectable ctDNA (median RFS notreached versus 21.54; log-rank,
P=0.058inFig. 4f). These findings highlight the challenges with patho-
logical response in predicting long-term clinical outcomes that may

be alleviated by molecular assessments of tumor burden regression
viactDNA analyses.

As part of the trial’s exploratory analyses, we next sought to
understand the association between baseline PD-L1 expression and
ctDNA kinetics by evaluating PD-L1 CPS in combination with ctDNA
status. PD-L1 expression was not correlated with ctDNA status
(Supplementary Table 6), suggesting that these features are largely
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Fig.5|Neoantigen-specific T cell reactivity and ctDNA dynamics for patients
with differential outcomes with neoadjuvantimmune checkpointinhibition.
Overall, neoantigen-specific T cell responses were observed in all patients

with pCR and TCR expansions mirrored systemic tumor burden regression.

a,b, Patient CGES13 attained a complete pathological response, which was
consistent with ctDNA clearance at the preoperative time point (a). In tandem,
the neoantigen-specific T cell clone CASWGGGTAAF (CDR3 region) was detected
expanding after pulsing with mutation-associated neoantigens contained in
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pool 7 (b). c,d, Similarly, patient CGES2 showed ctDNA clearance after two cycles
of ICI (c), which was reflected in complete pathological response at the time of
resection and neoantigen-specific clone expansions for CASSSPETELWDEQFF,
CASKGVADTQYF, CASSSRDRPYEQYF and CASSTDILSNYGYTF (d). e,f, In contrast,
patient CGES11showed sustained ctDNA throughout the course of the study

(e), which was reflective of a residual tumor of 30% residual tumor at the time of
resection. For this patient, there were no neoantigen-specific T cell expansions
noted (f).

independent. Interestingly, in evaluating ctDNA post-ICl induction
together with PD-L1 expression, patients with undetectable ctDNA
had a statistically significant longer RFS and numerically longer OS

compared to patients with detectable ctDNA independent of PD-L1
expression (log-rank P=0.0052 and long-rank P=0.099; Extended
Data Fig. 8); patients with positive ctDNA and PD-L1 CPS <5 had the
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most unfavorable outcomes. Similarly, patients with positive ctDNA
preoperatively and PD-L1 CPS <5 had a significantly shorter RFS and
numerically shorter OS (log-rank, P < 0.001and P= 0.15, respectively;
Extended DataFig. 8). These findings, while limited by the smallnumber
of patients evaluated, indicate that ctDNA kinetics may more optimally
capture clinical outcomes compared to PD-L1 expression.

Neoantigen-specific T cell responses

An important premise of neoadjuvant ICl is the potential to use the
primary tumor as asource of tumor-specific neoantigens, thus enhanc-
ing the priming of neoantigen-specific T cells that in turn can drive
systemic antitumor immune responses. To this end, following the
determination of tumor regression at a pathologic level and by ctDNA
clearance, we tested peripheral blood T cells for neoantigen recog-
nition in selected patients as part of the trial’s exploratory analyses
(Methods)"*®, Among tested patients that attained a pCR (n=4),
circulating neoantigen-specific T cells were detected in all cases,
while among tested patients that did not attain a pCR (n =3), only
one patient had evidence of circulating neoantigen-specific T cells
(Fig.5, Extended Data Fig. 9 and Supplementary Tables 12-18). Notably,
neoantigen-specific T cell responses were a mirror image of ctDNA
kinetics, such that systemic tumor burden contraction was associ-
ated with the detection of neoantigen-specific T cells in two patients
with long RFS and OS (Fig. 5a-d). Conversely, no neoantigen-specific
T cell responses were detected in a patient with an RFS of 3.7 months,
whichwas supported by ctDNA persistence throughout the treatment
course (Fig. 5e,f).

Discussion

While the therapeutic and immunologic effects of neoadjuvant ICI
have been demonstrated in patients with melanoma® and nonsmall
celllung cancer'*", the safety, feasibility and efficacy of neoadjuvant
ICl—-especially in combination with CRT—together with biomarkers of
clinical response have not been consistently demonstrated in patients
with E/GEJ cancer®™°, Here we report the first clinical trial incorporat-
ing PD-1and LAG-3 inhibition plus CRT in the neoadjuvant setting for
patients with resectable E/GEJ cancers. Our findings demonstrate the
safety and feasibility of this approach and suggest that ctDNA clear-
ance is associated with systemic expansion of neoantigen-specific
T cells, thus capturing systemic tumor burden and outcome-linked
residual disease after neoadjuvantimmunotherapy.

Safety and feasibility endpoints of the study were met, although
the nivolumab and relatlimab combinationin Arm B required modifica-
tion to mitigate seriousimmune-related adverse events, in particular,
pericarditis and adrenal insufficiency. The cardiac irAEs observed in
Arm B may be related to the use of LAG-3 ICI with concurrent thoracic
radiation and require evaluationin future studies. Two patients on the
relatlimab arm developed grade 3 primary adrenal insufficiency, con-
sistent with our understanding thatimmune-mediated adverse events
occur more frequently with dual ICI compared to PD-1inhibitionalone.
Inthe phase ll/Ill RELATIVITY-047 trial, which evaluated relatlimab and
nivolumab versus nivolumab alonein untreated advanced melanoma,
theincidence of any grade irAE—including adrenal insufficiency—was
higher in the dual ICIgroup®. Itis unlikely that the adrenal insufficiency
toxicities we observed in our study were related to radiation dosing,
as both of the patients with adrenal insufficiency had radiation plans
that met study protocol and national guideline-adherent targets and
normal dose objectives.

Arm A, which evaluated nivolumab plus chemoradiation,
produced higher MPR, pCR and 2-year OS rates compared to histori-
cal chemoradiation controls with 53%, 40% and 75%, respectively,
compared to32%,29% and 67%°. Notably, higher pathological response
rates were observed in Arm A despite having a lower proportion of
patients with SCC (12.5% versus 23% in the CROSS trial), a histologic
subtype shown to be most sensitive to chemoradiation in the CROSS

trial’®. The addition of relatlimab to nivolumab and chemoradiation
was not associated with a higher pCR rate compared to nivolumab
plus chemoradiation but appeared to numericallyimprove 2-year RFS
and OSrates. Theimproved survival in the nivolumab/relatlimab arm
despiteincreased toxicity and worse pCR rate may be consistent with
the increasing body of data across multiple tumor types showing an
association between irAEs and improved ICl efficacy”. Furthermore,
pCR may not be areliable surrogate endpoint for survival in operable
gastroesophageal cancer, as multiple prospective trials have not shown
improved survival despite achieving higher pCR rates® ™, suggesting
theimportance of micrometastatic disease control. Our potential sig-
nal ofimproved efficacy in Arm B should be interpreted with caution,
especially given the higher toxicity of combined anti-PD-1/anti-LAG-3/
CRT, andillustrates the need for longer-term follow-up dataand larger
studies to evaluate the optimal sequencing of these therapies.

High PD-L1 expression using a PD-L1 expression cutoff of CPS =5
has been shown to identify an enriched population of patients with
gastroesophageal cancer who have favorable outcomes with ICI*. In
line with this notion, in our study, baseline PD-L1 CPS >5 resulted in
improved RFSand atrend toward improved OS compared with tumors
with PD-L1 CPS <5. Chemoradiation has been shown to induce PD-L1
upregulation®, and this phenomenon may result in favorable clinical
outcomes, as seeninthe CheckMate 577 study, where patients withan
increase of PD-L1expression after neoadjuvant CRT who subsequently
received adjuvant anti-PD-1 therapy attained a greater disease-free
survival®. Our limited analysis of PD-L1 dynamics did not reveal any
association between PD-L1 induction and outcomes; however, the
small number of matched baseline and resected tumors precludes
firm conclusions. LAG-3 represents adistinctimmune checkpoint that
mediates T cell exhaustion and as such has emerged as an immuno-
therapeutic target™. A higher LAG-3 expression has been associated
with longer progression-free survival in patients with melanoma in
the RELATIVITY-047 trialindependent of the treatment arm (anti-PD-1
or combination anti-PD-1and anti-LAG-3)°. In line with these findings,
we found a higher baseline expression of LAG-3 in patients attain-
ing a pathological response; these findings were pronounced in the
anti-LAG-3 arm.

In addition to baseline PD-L1 and LAG-3 expression, we sought
to measure tumor burdenkinetics longitudinally in the preoperative
and postoperative setting as amore accurate indicator of therapeu-
tic efficacy. There are several studies using ctDNA to evaluate MRD
in the adjuvant/neoadjuvant immunotherapy space'®?, but to the
best of our knowledge, our study is one of the first to assess MRD in
esophageal cancer patients treated with neoadjuvantimmunotherapy
combined with CRT. Notably, when evaluating ctDNA after IClinduc-
tion, ctDNA detection was indicative of inferior clinical outcomes, as
patients with undetectable ctDNA post two cycles of induction ICI
had asignificantly longer RFS. These findings suggest that a subset
of patients may benefit from neoadjuvant immunotherapy alone,
and clearance of ctDNA during the neoadjuvant window may be an
early predictor of favorable outcomes, which should be evaluated in
future studies. Similarly, in the perioperative period, patients with
undetectable ctDNA preoperatively had a longer RFS compared to
those with detectable ctDNA. Postoperatively, patients with ctDNA
MRD positive attained shorter RFS compared to patients that were
MRD negative. These findings are consistent with previous studies,
where ctDNA MRD positive 4 weeks after surgery confers a signifi-
cantly higher risk of recurrence and can guide adjuvant chemotherapy
treatment decision-making?*. Taken together, our findings suggest
that ctDNA status as early as after ICl induction may be critical in
enriching for patients most likely to benefit from neoadjuvantICland
inform treatment escalation or de-escalation, ultimately maximizing
therapeutic benefit.

While pCR and MPR have been used as an early indicator of thera-
peutic efficacy in the neoadjuvant ICI setting, we are increasingly
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recognizing the clinical and biological heterogeneity of tumors with
non-pCR/MPR'. Notably, ctDNA status distinguished patients with
non-pCRwith differential clinical outcomes that were accurately cap-
tured by ctDNA kinetics. Strikingly, none of the patients within the
non-pCRgroup that were ctDNA negative after IClinductionrecurred
compared to patients within the same non-pCR group that were ctDNA
positive after ICI. These findings, while requiring further validation,
suggest that clinical decision-making for perioperative management
may be bestinformed by ctDNA approaches rather than pathological
responses. Linking circulating tumor burden with functional antitumor
immune responses, neoantigen-specific T cell responses were amirror
image of ctDNA kinetics, such that ctDNA clearance was associated with
the detection and expansion of neoantigen-specific T cells in patients
attaininglonger RFSand OS. These findings further support the value of
ctDNA analyses in capturing functional antitumor immune responses
and may allow us to optimally design future neoadjuvant studies using
combined blood-based assays to escalate or de-escalate treatment in
an attempt to maximize response.

Our study has anumber of limitations, mostly related to the small
number of patients. As such, the cohort size should be considered
when interpreting our work, and larger studies are required to fur-
ther validate our proof-of-concept findings. In parallel, a sizable frac-
tion of the individuals on this trial had undetectable ctDNA, likely
related to the earlier stage of these tumors and the sensitivity of the
tumor-agnostic NGS assay employed; it is, therefore, plausible that
a bespoke liquid biopsy approach may increase the sensitivity of
detection. Tumor-agnostic hybrid capture ctDNA NGS, while readily
applicable in the metastatic setting'®**', may be limited by an assay
sensitivity typically in the order of 0.1-0.2% in the early stage setting,
resulting in a moderate clinical sensitivity®>. Tumor-informed NGS
approaches that track patient-specific variants have higher analyti-
cal sensitivity, however, may be limited by the feasibility of bespoke
approaches that require genomic analyses of the tumor followed by
patient-specific liquid biopsy assays. The challenge of clinical sensi-
tivity for ctDNA MRD detection, as well as theissues with feasibility of
tumor-informed bespoke assays, may be alleviated by genome-wide
cell-free DNA (cfDNA) feature integration. Conceptually moving away
from single/oligo-mutation capture and toward analyses of millions of
cfDNA features from plasmamethylation-based approaches or whole
genome sequencing (or both) may increase assay sensitivity”. Despite
the encouraging nature of our findings, larger studies are needed to
confirmthe association of ctDNA status during neoadjuvantIClandin
the postoperative period with RFSand OS. As arepresentative example,
the ongoing Eastern Cooperative Group (ECOG)/American College
of Radiology Imaging Network (ACRIN) phase Il/ Il EA2174 study is
investigating neoadjuvant nivolumab and adjuvant nivolumab with
orwithoutipilimumab in patients with locoregional esophageal E/GEJ
cancers treated with trimodality therapy. The dual primary endpoints
are pathologic complete response and disease-free survival, and ctDNA
assessmentis also planned as part of the correlative studies.

In conclusion, neoadjuvant nivolumab plus CRT is an active
regimen for patients with operable E/GEJ cancer, resulting in higher
pCR and 2-year OS rates compared to historical chemoradiation
controls. The addition of relatlimab to nivolumab did resultina
higher rate of irAEs than nivolumab plus CRT alone, but promising
long-term efficacy suggests that future studies should further evalu-
ate the optimal sequencing of dual ICI when given concurrently with
chemoradiation. Interpreting pathological responses at amolecular
level, systemic tumor burden regression conferred longer clinical
outcomes, bringing ctDNA approaches toward the epicenter of
perioperative clinical decision-making. Collectively, our findings
suggest that monitoring systemic tumor burden kinetics during
neoadjuvant ICI may bring precision in the clinical management of
patients with resectable E/GEJ cancer and open a therapeutic window
for future intervention.

Online content

Any methods, additional references, Nature Portfolio reporting
summaries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability areavailable at https://doi.org/10.1038/s41591-024-02877-z.

References

1. Bray, F. et al. Global cancer statistics 2018: GLOBOCAN estimates
of incidence and mortality worldwide for 36 cancers in 185
countries. CA Cancer J. Clin. 68, 394-424 (2018).

2. Kelly, R. J. et al. Adjuvant nivolumab in resected esophageal or
gastroesophageal junction cancer. N. Engl. J. Med. 384, 1191-1203
(2021).

3. Thompson, E. D. et al. Patterns of PD-L1 expression and CD8 T cell
infiltration in gastric adenocarcinomas and associated immune
stroma. Gut 66, 794-801(2017).

4. Kelly, R. J. etal. The dynamic and transient immune micro-
environment in locally advanced esophageal adenocarcinoma post
chemoradiation. Ann. Surg. 268, 992-999 (2018).

5. Kelly, R. et al. O-7 adjuvant nivolumab vs placebo in resected
esophageal or gastroesophageal junction cancer following
neoadjuvant chemoradiotherapy: first report of comprehensive
biomarker analyses from CheckMate 577. Ann. Oncol. 34, S183
(2023).

6. Tawbi, H. A. et al. Relatlimab and nivolumab versus nivolumab
in untreated advanced melanoma. N. Engl. J. Med. 386,
24-34(2022).

7. Feeney, K. et al. CA224-060: a randomized, open label,
phase Il trial of relatlimab (anti-LAG-3) and nivolumab with
chemotherapy versus nivolumab with chemotherapy as first-line
treatment in patients with gastric or gastroesophageal junction
adenocarcinoma. J. Clin. Oncol. 37, TPS4143 (2019).

8. Zhu, M. et al. Pembrolizumab in combination with neoadjuvant
chemoradiotherapy for patients with resectable adenocarcinoma
of the gastroesophageal junction. Clin. Cancer Res. 28,
3021-3031(2022).

9. Vanden Ende, T. et al. Neoadjuvant chemoradiotherapy
combined with atezolizumab for resectable esophageal
adenocarcinoma: a single-arm phase Il feasibility trial (PERFECT).
Clin. Cancer Res. 27, 3351-3359 (2021).

10. Tang, Z. et al. The Neo-PLANET phase Il trial of neoadjuvant
camrelizumab plus concurrent chemoradiotherapy in locally
advanced adenocarcinoma of stomach or gastroesophageal
junction. Nat. Commun. 13, 6807 (2022).

1. Kelly, R. J. et al. Society for Immunotherapy of Cancer (SITC)
clinical practice guideline on immunotherapy for the treatment
of gastrointestinal cancer. J. Immunother. Cancer 11, e006658
(2023).

12. Forde, P. M. et al. Neoadjuvant PD-1 blockade in resectable lung
cancer. N. Engl. J. Med. 378, 1976-1986 (2018).

13. Topalian, S. L. et al. Neoadjuvant immune checkpoint blockade:
a window of opportunity to advance cancer immunotherapy.
Cancer Cell 41, 1551-1566 (2023).

14. Forde, P. M. et al. Neoadjuvant nivolumab plus chemotherapy in
resectable lung cancer. N. Engl. J. Med. 386, 1973-1985 (2022).

15. Anagnostou, V. et al. Dynamics of tumor and immune responses
during immune checkpoint blockade in non-small cell lung
cancer. Cancer Res. 79, 1214-1225 (2019).

16. Sivapalan, L. et al. Liquid biopsy approaches to capture tumor
evolution and clinical outcomes during cancer immunotherapy.
J. Immunother. Cancer 11, e€005924 (2023).

17. Anagnostou, V. et al. Evolution of neoantigen landscape during
immune checkpoint blockade in non-small cell lung cancer.
Cancer Discov. 7, 264-276 (2017).

Nature Medicine | Volume 30 | April 2024 | 1023-1034

1033


http://www.nature.com/naturemedicine
https://doi.org/10.1038/s41591-024-02877-z

Article

https://doi.org/10.1038/s41591-024-02877-z

18. Danilova, L. et al. The mutation-associated neoantigen functional
expansion of specific T cells (MANAFEST) assay: a sensitive
platform for monitoring antitumor immunity. Cancer Immunol.
Res. 6, 888-899 (2018).

19. Blank, C. U. et al. Neoadjuvant versus adjuvant ipilimumab plus
nivolumab in macroscopic stage Ill melanoma. Nat. Med. 24,
1655-1661(2018).

20. VanHagen, P. et al. Preoperative chemoradiotherapy for esophageal
or junctional cancer. N. Engl. J. Med. 366, 2074-2084 (2012).

21. Das, S. & Johnson, D. B. Immune-related adverse events and
anti-tumor efficacy of immune checkpoint inhibitors.

J. Immunother. Cancer 7, 306 (2019).

22. Goodman, K. A. et al. Randomized phase Il study of pet
response-adapted combined modality therapy for esophageal
cancer: mature results of the CALGB 80803 (Alliance) trial. J. Clin.
Oncol. 39, 2803-2815 (2021).

23. Reynolds, J. V. et al. Trimodality therapy versus perioperative
chemotherapy in the management of locally advanced
adenocarcinoma of the oesophagus and oesophagogastric
junction (Neo-AEGIS): an open-label, randomised, phase 3 trial.
Lancet Gastroenterol. Hepatol. 8, 1015-1027 (2023).

24. Shitara, K. et al. Neoadjuvant and adjuvant pembrolizumab plus
chemotherapy in locally advanced gastric or gastro-oesophageal
cancer (KEYNOTE-585): an interim analysis of the multicentre,
double-blind, randomised phase 3 study. Lancet Oncol. 25,
212-224 (2023).

25. Janjigian, Y. Y. et al. First-line nivolumab plus chemotherapy versus
chemotherapy alone for advanced gastric, gastro-oesophageal
junction, and oesophageal adenocarcinoma (CheckMate 649): a
randomised, open-label, phase 3 trial. Lancet 398, 27-40 (2021).

26. Maruhashi, T., Sugiura, D., Okazaki, I. M. & Okazaki, T. LAG-3:
from molecular functions to clinical applications. J. Immunother.
Cancer 8, e001014 (2020).

27. Stewart, M. D. & Anagnostou, V. Liquid biopsies coming of age:
biology, emerging technologies, and clinical translation—an
introduction to the JITC expert opinion special review series on
liquid biopsies. J. Immunother. Cancer 11, e006367 (2023).

28. Kotani, D. et al. Molecular residual disease and efficacy of
adjuvant chemotherapy in patients with colorectal cancer.
Nat. Med. 29, 127-134 (2023).

29. Powles, T. et al. ctDNA guiding adjuvant immunotherapy in
urothelial carcinoma. Nature 595, 432-437 (2021).

30. Sivapalan, L. et al. Dynamics of sequence and structural cell-free
DNA landscapes in small-cell lung cancer. Clin. Cancer Res. 29,
2310-2323 (2023).

31. Anagnostou, V. et al. ctDNA response after pembrolizumab in
non-small cell lung cancer: phase 2 adaptive trial results.

Nat. Med. 29, 2559-2569 (2023).

32. Semenkovich, N. P. et al. Genomic approaches to cancer and
minimal residual disease detection using circulating tumor DNA.
J. Immunother. Cancer 11, 006284 (2023).

33. Medina, J. E. et al. Cell-free DNA approaches for cancer early
detection and interception. J. Immunother. Cancer 11,
e006013 (2023).

Publisher’s note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and institutional
affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

Ronan J. Kelly®™

, Blair V. Landon ®2", Ali H. Zaidi ® ", Dipika Singh**, Jenna V. Canzoniero?, Archana Balan?,

Russell K. Hales??, K. Ranh Voong??®, Richard J. Battafarano®, Blair A. Jobe?, Stephen C. Yang®, Stephen Broderick®,
Jinny Ha®, Kristen A. Marrone®?, Gavin Pereira?, Nisha Rao®?, Aryan Borole?, Katerina Karaindrou?, Zineb Belcaid?,
James R. White?, Suqi Ke?’, Ali l. Amjad®, Benny Weksler?, Eun Ji Shing, Elizabeth Thompson®, Kellie N. Smith ® 24,

Drew M. Pardoll®?#, Chen Hu®?’, Josephine L. Feliciano?, Valsamo Anagnostou ® 241012

& Vincent K. Lam ® "2

'"The Charles A. Sammons Cancer Center, Baylor University Medical Center, Dallas, TX, USA. 2The Sidney Kimmel Comprehensive Cancer Center, Johns
Hopkins University School of Medicine, Baltimore, MD, USA. *Allegheny Health Network Cancer Institute, Allegheny Health Network, Pittsburgh, PA, USA.
“The Bloomberg-Kimmel Institute of Cancer Immunotherapy, Johns Hopkins University School of Medicine, Baltimore, MD, USA. *Department of Radiation
Oncology, Johns Hopkins University School of Medicine, Baltimore, MD, USA. ®Department of Surgery, Johns Hopkins University School of Medicine,
Baltimore, MD, USA. 'Department of Biostatistics, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, MD, USA. 8Department of
Gastroenterology & Hepatology, Johns Hopkins University School of Medicine, Baltimore, MD, USA. *Department of Pathology, Johns Hopkins University
School of Medicine, Baltimore, MD, USA. °Lung Cancer Precision Medicine Center of Excellence, Johns Hopkins University School of Medicine,
Baltimore, MD, USA. "These authors contributed equally: Ronan J. Kelly, Blair V. Landon, Ali H. Zaidi. ?These authors jointly supervised this work: Valsamo

Anagnostou, Vincent K. Lam.

e-mail: ronan kelly@bswhealth.org; vanagnol@jhmi.edu; vklam@jhmi.edu

Nature Medicine | Volume 30 | April 2024 | 1023-1034

1034


http://www.nature.com/naturemedicine
mailto:ronan.kelly@bswhealth.org
mailto:vanagno1@jhmi.edu
mailto:vklam@jhmi.edu
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-6446-2103
http://orcid.org/0000-0002-5235-7410
http://orcid.org/0000-0002-5463-2252
http://orcid.org/0009-0003-6833-1922
http://orcid.org/0000-0002-6295-8930
http://orcid.org/0000-0001-6215-1013
http://orcid.org/0000-0003-4672-1981
http://orcid.org/0000-0001-9480-3047
http://orcid.org/0000-0002-1319-2588

Article

https://doi.org/10.1038/s41591-024-02877-z

Methods

Study design, eligibility criteria and participants

This is a phase IB, open-label, multi-institution study enrolling
patients at Johns Hopkins Sidney Kimmel Comprehensive Cancer
Center in Baltimore, MD, Allegheny Health Network in Pittsburgh, PA
and Baylor University Medical Center in Dallas, TX (ClinicalTrials.gov
registration:NCT03044613, study preregistration date was Febru-
ary 2,2017). The study protocol and all amendments were approved
by the Institutional Review Board (IRB) of Johns Hopkins University
(Johns Hopkins Medicine IRB 6) and localinstitutions (Allegheny Singer
Research Institute and Baylor Scott & White Research Institute). A
detailed description of all protocol amendments is shown in Sup-
plementary Table 1. This study was conducted inaccordance with the
Declaration of Helsinki and the international standards of good clinical
practice. Written informed consent was provided by all study partici-
pants; participants were not compensated. The first and last patients
were enrolled inthe study on August 23,2017, and July 1, 2021, respec-
tively. The data lock date was January 25,2022. Patients aged 18 years
and older and with clinical stage Il/stage Il E/GEJ adenocarcinoma or
SCC (American Joint Commission on Cancer (AJCC) seventh edition
staging system) were eligible to enrollin the study. All patients had to
have surgically resectable disease, ECOG performance status 0-1, ade-
quate organ function and cardiopulmonary status. Sex was determined
by self-reporting, both females and males were enrolled in the study
and sex was not astratification criterion. Patients were excluded from
the study if they were not candidates for CRT, their esophageal tumor
was located inthe mid esophagus or higher, they had autoimmune dis-
ease orimmunodeficiency, or previously received immunotherapy for
other disease, or they had active infectious disease requiring ongoing
treatment. Patients were excluded from Arm B (relatlimab regimen)
if they had any history of myocarditis or uncontrolled or significant
cardiovascular disease such as myocardial infarction (MI) or stroke/
transient ischemic attack (TIA) within the 6 months before consent,
history of two or more Mls or two or more coronary revascularization
procedures, or uncontrolled angina within the 3 months before con-
sent. The full eligibility criteria are listed below.

Inclusion criteria

« Menand women aged >18 years old.

« Histologically proven (squamous cell or adenocarcinoma)
esophageal or gastroesophageal junction cancer (core biopsy
required).

« Stage ll/stage lll disease as per AJCC staging 7.0—baseline imag-
ing with standard of care fludeoxyglucose F18 (FDG)-positron
emission tomography (PET) scan and endoscopic ultrasound
within 28 days before registration.

« ECOG performance status O-1.

* Adequate oralintake/nutritional status without the need for enteral
or parenteral feeding during chemoradiation or preoperative period.

« Adequate organ function as follows: leukocytes 2,000 mm™,
absolute neutrophil count 1,000 mm, platelet count
>100,000 mm3, hemoglobin =9 g dI, creatinine <2.0 mg dl™,
bilirubin (total) within normal institutional limits (except par-
ticipants with Gilbert syndrome who must have total bilirubin
<3.0 mg dI™), AST(SGOT; serum glutamic oxaloacetic transami-
nase), ALT(SGPT; serum glutamic-pyruvic transaminase) and
alkaline phosphatase <2.5 times the upper limit of normal,
prothrombin time (PT) such that international normalized ratio
(INR) is <1.5 (or aniin-range INR, usually between 2 and 3, if a
patient is on a stable dose of therapeutic warfarinand aPTT <
upper limit of normal).

« Adequate cardiac function as defined by: no evidence of
PR prolongation or atrioventricular (AV) block on baseline
electrocardiogram.

- Radiation oncology consultation within 28 days to confirm that

disease can be encompassed in the radiotherapy field and that
normal tissue constraints can be met.

< Participants must have adequate lung function to permit surgi-

cal resection determined by pre-enrollment pulmonary function
tests to include diffusing capacity for carbon monoxide (DLCO)
as follows: DLCO >70% predicted or DLCO <70% but >55% with a
VO, max =10 L min™ kg™ (assessed by cardiopulmonary exercise
testing) or 6-min walk test 500 m; participants with a DLCO <55%
are excluded from this study. Participants must have a baseline
0, saturation by pulse oximetry that is >92% both at rest and
while walking, off supplemental oxygen.

« Esophagogastrectomies will be performed via a laparotomy
and a right thoracotomy with en bloc removal of perigastric,
celiac, periesophageal and subcarinal lymph nodes. Esophago-
gastric reconstruction will be performed above the level of the
azygo-caval junction using an end-to-end anastomosis (EEA)
stapling device.

« Either aformalin-fixed paraffin block or a minimum of ten
5-micron tissue sections (slides) of tumor biopsy sample must
be available for biomarker evaluation from baseline and repeat
esophagogastroduodenoscopy (EGD).

» “The effects of nivolumab or nivolumab/relatlimab on the
developing human fetus are unknown. For this reason, women
of childbearing potential (WOCBP) and men must agree to use
adequate contraception (hormonal or barrier method of birth
control; abstinence) before study entry and for the duration
of study participation and for 5 months after the last dose of
nivolumab +/- relatlimab. Should a woman become pregnant or
suspect she is pregnant while she or her partner is participating
in this study, she should inform her treating physician immedi-
ately. Sexually active fertile men must use effective barrier birth
control if their partners are WOCBP for 7 months after the last
dose of nivolumab +/- relatlimab. WOCBP must have a negative
serum or urine pregnancy test (minimum sensitivity 251U [ or
equivalent units of HCG) within 2 weeks of registration.”

< Patient understands the study regimen, its requirements, risks
and discomforts and is able and willing to sign the informed
consent form. Voluntary signed and dated IRB approved written
informed consent form in accordance with regulatory and insti-
tutional guidelines must be obtained before the performance
of any protocol-related procedures that are not part of normal
patient care. Participants must be competent to report AEs and
understand the drug dosing schedule and use of medications to
control AEs.

¢ (Relatlimab arm only) left ventricular ejection fraction (LVEF)
assessment with documented LVEF >50% by either transthoracic
echocardiogram (TTE) or multigated acquisition (MUGA) scan
(TTE preferred test) within 6 months from the first study drug
administration.

Exclusion criteria

« Patient has active, known or suspected autoimmune disease.
Participants with vitiligo, type | diabetes mellitus, residual
hypothyroidism due to autoimmune thyroiditis only requiring
hormone replacement or conditions not expected to recur in
the absence of an external trigger are permitted to enroll.

« Esophageal tumors that are located in the mid esophagus or
higher that do not involve distal esophagus or GE junction.

« Tumors whose proximal ends are higher than the level of
the carina.

- Biopsy proven involvement of supraclavicular lymph nodes.

« Tumors extend 5cm or more into the stomach.
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- Patient has a condition requiring systemic treatment with either
corticosteroids (>10 mg daily prednisone equivalent) or other
immunosuppressive medications within 14 days of the first dose.
Inhaled or topical steroids and adrenal replacement steroid
doses are permitted in the absence of active autoimmune
disease.

< Participants with previous malignancies (except nonmelanoma
skin cancers, in situ bladder, gastric, breast, colon or cervical
cancers/dysplasia) are excluded unless a complete remission
was achieved at least 1 year before study entry, and no additional
therapy (other than adjuvant hormonal therapy for breast
cancer) is required or anticipated to be required during the
study period.

« Participants with known brain metastasis are excluded
from this study. Patients with suspected brain metastasis
must have brain imaging (either magnetic resonance imaging
or computed tomography (CT) brain with contrast) before
enrollment.

« Participants with a history of interstitial lung disease.

« Active systemic infection requiring therapy, positive tests for
hepatitis B surface antigen or hepatitis C RNA.

- Known positive history or positive test for human immunodefi-
ciency virus or acquired immunodeficiency syndrome.

« History of allergy to study drug components.

- Women who are pregnant or nursing.

«  WOCBP and men with female partners (WOCBP) who are not
willing to use contraception.

*  Prior therapy with an anti-PD-1, anti-PD-L1, anti-PD-L2 or
anti-LAG-3 antibody (or any other antibody targeting T cell
coregulatory pathways).

« Underlying medical conditions that, in the Investigator’s opin-
ion, will make the administration of the study drug hazardous or
obscure the interpretation of toxicity or adverse events.

» Prisoners or participants who are involuntarily incarcerated or
compulsorily detained for treatment of either a psychiatric or
physical (for example, infectious disease) illness.

« (Relatlimab arm only) troponin T (TnT) or I (Tnl) >2x institu-
tional upper limit of normal (ULN). Participants with TnT or Tnl
levels between >1to 2x ULN will be permitted if repeat levels
within 24 h are <1x ULN. If TnT or Tnl levels are >1to 2x ULN
within 24 h, the participant may undergo a cardiac evaluation
and be considered for treatment, following a discussion with
the medical monitor or designee. When repeat levels within 24 h
are not available, a repeat test should be conducted as soon as
possible. If TnT or Tnl repeat levels beyond 24 h are <2x ULN, the
participant may undergo a cardiac evaluation and be considered
for treatment, following a discussion with the sponsor medical
monitor or designee.

« (Relatlimab arm only) participants must not have a history of
myocarditis.

« (Relatlimab arm only) uncontrolled or significant cardiovascular
disease including, but not limited to, any of the following: MI
or stroke/TIA within the 6 months before the consent; uncon-
trolled angina within the 3 months before the consent; any
history of clinically significant arrhythmias (such as ventricular
tachycardia, poorly controlled atrial fibrillation, ventricular
fibrillation or torsades de pointes); QTc prolongation >480 ms;
history of other clinically significant cardiovascular diseases
(thatis, cardiomyopathy, congestive heart failure with New York
Heart Association functional classification IlI-1V, pericarditis,
significant pericardial effusion, significant coronary stent occlu-
sion, poorly controlled venous thrombosis, etc.); cardiovascular
disease-related requirement for daily supplemental oxygen;
history of two or more MIs or two or more coronary revasculari-
zation procedures.

Major protocol amendments

This investigator-initiated trial was initially developed to evaluate
nivolumabin Arm A andipilimumab + nivolumab in Arm B. Before the
enrollment of any patients in Arm B, the protocol was amended on
July 25,2018, toreplaceipilimumab with relatlimab in Arm B to reflect
emerging data supporting the evaluation of relatlimab in gastroesoph-
ageal cancer (Supplementary Table1). On December 11,2019, the proto-
colwas further amended to remove nivolumab and relatlimab during
chemoradiationin Arm B (while keeping two cycles of nivolumab and
relatlimab asinduction before chemoradiation), due to unacceptable
toxicity observed in the first nine patients treated in Arm B.

Treatment and protocol amendments

The following two treatment cohorts were consecutively enrolled:
nivolumab + chemoradiation (Arm A) and nivolumab + relatli-
mab + chemoradiation (Arm B). Patients were enrolled in Arm B after
safety and feasibility objectives were met in Arm A. Patientsin Arm A
(n=16) received nivolumab 240 mg every 2 weeks for two induction
cycles, and then three additional doses were given concurrently with
chemoradiation for a total of five cycles. Patients enrolled in Arm B
(n=16) received nivolumab 240 mgevery 2 weeks and relatlimab 80 mg
every 2 weeks according to the same schedule. All patients treated in
the study had radiation plans prereviewed by a centralized radiation
oncology review team, and a more detailed review of each protocol
patient was undertaken by a peer review team of thoracic radiation
oncologists in the first week of treatment. Nivolumab and relatlimab
combined with chemoradiation demonstrated unacceptable toxicity in
thefirst nine patients treated in Arm B.In December 2019, a trial proto-
colamendment was implemented to remove nivolumab and relatlimab
during chemoradiation in Arm B (keeping two cycles of nivolumab
and relatlimab as induction before chemoradiation; Supplementary
Table 1). Seven patients were subsequently enrolled in Arm B. For the
CRT portion of the study, patients were treated with the standard of
care regimen of weekly carboplatin (AUC 2) and paclitaxel (50 mg m™)
combined with radiotherapy at a total dose of 50.4 Gy in 28 fractions.
IMRT and volumetric modulated arc therapy (VMAT) technologies were
allowed. Anlvor Lewis esophagectomy was planned for 6-8 weeks, but
no more than 11 weeks after the last dose of radiotherapy. Dose inter-
ruptions for chemotherapy orimmunotherapy-induced toxicities were
allowed. Adjuvant therapy was allowed at the discretion of the treating
physician (in consultation with the principal investigator).

Assessments and endpoints
The primary endpoint of the study was safety, and the secondary end-
point was feasibility. Exploratory endpoints included OS, RFS, MPR
and pCR rates and biomarker analyses. RFS and OS were measured
every 3 months before and after surgical resection. Longer follow-up
beyond 36 months will continue for both arms as part of the trial design.
Safety was assessed by the National Cancer Institute Common Termi-
nology Criteriafor Adverse Events version 4.0 and measured through
the proportion of evaluable patients whose worst adverse events of
interest occurred within 100 days after the last dose of nivolumab or
within 30 days after surgery, whichever was longer. The proportion of
anygrade3 or 4 treatment-related pneumonitis and acute respiratory
failure, as well as that of any treatment-related grade 5 AE, were moni-
tored continuously based on prespecified Bayesian monitoringrules.
We assessed the feasibility of single agent 10, and combination [0-10
neoadjuvantadministration asinduction was given concurrently with
chemoradiation. Feasibility was assessed through the proportion of
eligible patients who proceeded to surgery without substantial delay
(more than 11 weeks) due to treatment-related reasons.
Radiological assessment was performed according to the
Response Evaluation Criteria in Solid Tumors (version 1.1)** at baseline
(CTand PET/CT), before surgery (PET/CT) and per standard of care after
surgery until 5 years (generally every 3 months for at least the first year,
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by CT). Patients enrolled in this study were required to have pretreat-
ment primary tumor biopsy material available for diagnosis. Repeat
EGD biopsies were obtained if pre-existing material was inadequate.

Pathological response assessment and
immunohistochemistry

Pathological response was assessed semi-quantitatively using amodi-
fied Ryan scheme®, as recommended by the CAP, using the following
categories to assign tumor regression scores/grades: no viable cancer
cells (complete response; grade 0); single cells or rare small groups of
cancer cells (near complete response; grade 1); residual cancer with
evident tumor regression, but more than single cells or rare small
groups of cancer cells (partial response; grade 2); extensive residual
cancer with no evident tumor regression (poor or no response; grade
3).Whenavailable, all tumor/tumor bed slides were reviewed for evalu-
ation of pathological treatment response, but otherwise, at least two
slidesrepresenting afull cross-section of the tumor bed were reviewed.
Percentresidual viable tumor was also evaluated inincrements of five
(5%) based on a percentage of tumor bed occupied by tumor cells.
Tumor bed wasidentified by acombination of features including scar/
fibrosis, inflammatory response, neovascularization, foamy
macrophage aggregates, acellular mucin and/or calcifications.

A representative formalin-fixed, paraffin-embedded section of
tumor from baseline biopsies (n =29) was stained for PD-L1, while
immunohistochemistry for PD-L1, DNA MMR proteins (MLH1, PMS2,
MSH2 and MSH6) and HER2 was performed in resected specimens
with adequate tumor tissue (n =15, obtained at the time of surgery
after immuno-chemoradiation). PD-L1 staining was performed using
clone 22C3 (Agilent) and run on Roche/Ventana Benchmark Ultra with
the Optiview detection kit. HER2 staining was performed using clone
4BS5 (Roche) and run on Roche/Ventana Benchmark Ultra with the
Ultraview detection kit. MLH1 (M1; Roche), MSH2 (G219-1129; Roche)
and MSH6 (SP93; Roche) staining were performed on Roche/Ventana
Benchmark Ultrawith the Ultraview detection kit. PMS2 staining (A16-4
clone; Roche) was run on Roche/Ventana Benchmark Ultra with the
Ultraview detection kit and Optiv amplification kit. PD-L1staining was
scored using previously published ‘CPS’ defined as the total number
of tumor cells and immune cells expressing membranous (tumor) or
membranousand cytoplasmic (immune cells) PD-L1divided by the total
number of tumor cells and multiplied by 100 (ref.36). A minimum of
100 tumor cells were required for PD-L1evaluation. PD-L1was evaluated
in15resected specimens withadequate tumor tissue for testing. HER2
staining was scored as 0,1+, 2+ or 3+ using criteriarecommended by the
CAP for scoring HER2 expression by immunohistochemistry in gastric
and gastroesophageal junction carcinomas and published in the ToGA
trial®. Briefly, the criteria were as follows: O (no reactivity or membra-
nous reactivity in <10% of cancer cells), 1+ (faint or barely perceptible
membranousreactivity in >10% of cancer cells; cells are reactive only in
partoftheir membrane), 2+ (weak to moderate complete, basolateral
or lateral membranous reactivity in 210% of tumor cells), 3+ (strong
complete, basolateral or lateral membranous reactivity in >10% of
cancer cells). HER2 expression was evaluated in 15 resected specimens
with adequate tumor tissue for testing. Specimens were considered
MMR proficient if nuclear expression of all four MMR proteins was
present by immunohistochemistry and loss of specific MMR proteins
was recorded when loss of nuclear expression was seen in the tumor
cellswithintactinternal control labeling in normal tissues. MMR pro-
ficiency was evaluatedin13 resected specimens with adequate tumor
tissue. Two resected tumors (patients CGES37 and CGES19) showed
MLH1and PMS2 expression loss. To confirm MMR statusin these cases,
werepeated MLH1and PMS2 immunohistochemistry in both baseline
andresected tumors (serial sections from the resected specimens pre-
viously stained) and performed orthogonal validation by assessment
of microsatellite instability derived from whole-exome sequencing
(WES) of the baseline tumors. These analyses showed cleanly intact

MLHI1 and PMS2 labeling in baseline biopsies for both patients, while
repeat staining of the resected specimens showed <10% tumor cells
with MLH1 loss for case CGES37 and failure of both stains (no labeling
ininternal control normal tissue or tumor) for case CGES19.

WES analyses

Matched tumor/normal WES was performed in baseline tumors for
patients CGES19 and CGES37, to assess microsatellite instability. Briefly,
DNA was macrodissected from formalin-fixed paraffin-embedded
(FFPE) tumor tissue using the Qiagen DNA FFPE tissue kit, and DNA
was isolated from matched WBC using the Qiagen DNA Blood Mini
kit (Qiagen). Both tumor and matched WBC DNA were sheared to a
target DNA fragment size of 200 bp using Covaris-focused ultrasoni-
cation (Covaris). Genomic libraries were prepared, and sequentially
hybrid captures of exonic regions using SureSelect XT Human All
Exon V4 probes (Agilent Technologies) were prepared as previously
described’®. Capturedlibraries were thensequenced onIllumina HiSeq
2500 (Illumina). Somatic mutations were identified using Strelka®. To
evaluate microsatellite instability, we applied MANTIS*® to WES data.
Briefly, the microsatellite loci within the reference genome (hg19) were
identified, and a step-wise difference (DIF) metric was used in each
locus to compare the normalized read counts supporting repeats of
agiven length between the tumor and matched normal sample after
exclusion of reads and loci below a predetermined quality threshold.
The average of the locus instability scores was calculated and used as
an aggregate measure of microsatellite instability in the sample. For
each tumor-normal pair, the step-wise difference metric was compared
tothe decision threshold recommended by MANTIS to make MSlI calls.
Bothtumorswere characterized as microsatellite stable, and together
withtheimmunohistochemistry data, these findings support that both
tumors were MMR proficient.

Gene expression assessment

Gene expression of 770 genes was evaluated using NanoString’s
fluorescence-based direct digital detection chemistry and nSolver
analyses (NanoString Technologies). Briefly, RNA was isolated from
pretherapy fresh frozen tissue biopsies using the Qiagen RNeasy
Mini kits (Qiagen). Isolated RNA was then hybridized to probes from
NanoString’s nCounter PanCancer 10 360 gene expression panel that
includes 770 unique genes associated withimmune responses, immune
escape, tumor signatures and the tumor microenvironment, as well as
housekeeping genes for normalization (NanoString Technologies).
Each hybridization probe set included both positive and negative
control probes. The positive control probes were designed to bind
to synthetic controls spiked into the panel and used to determine
assay performance. The negative control probes were probes whose
targetis notexpected tobeinbiological samples and were used to set
background thresholds. Each experimental set also included a panel
standard for run-to-run comparisons. Using the nCounter MAX/FLEX
system, hybridized RNA was first loaded onto the prep station for
posthybridization purification and then onto the digital analyzer for
quantification of gene expression. Gene expression analyses were
performed using NanoString nSolver software. Raw gene expression
counts fromthe digital analyzer were imported into nSolver. Normali-
zation of counts was performed based on the geNormalgorithm, which
selectsthe housekeeping genesin the panel that minimize the pairwise
variation statistic (Supplementary Table 7).

Circulating cell-free tumor DNA analyses

Serial blood samples were collected before therapy initiation, on day 1
of cycles2and 3,immediately before surgical resection, and once post-
operatively between 3 and 12 weeks after surgical resection. The post-
operative time point in the 3-12-week window was collected with the
intent to capture MRD after curative-intent surgery as opposed to lon-
gitudinal monitoring. We used targeted error-correction sequencing
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(TEC-seq) to perform high-coverage NGS on173 serial plasmasamples
and matched baseline WBC-derived DNA from 32 patients from Arms
A and B as previously described™* (Supplementary Tables 8-10).
Briefly, cfDNA was isolated using the Qiagen Circulating Nucleic Acids
kit (Qiagen). Genomic libraries were prepared, followed by targeted
capture using a custom set of hybridization probes (Personal Genome
Diagnostics) as previously described*. The analytical performance of
the hybrid capture NGS assays has been previously described'*%*42,
with an overall specificity of >99% and sensitivity of >95% sensitivity for
the detection of alterations with an MAF of 0.25-1.0%. Captured librar-
ieswere sequenced using 100 bp paired-end runs on the lllumina HiSeq
2500 or NextSeq 550 instruments (Illumina; Supplementary Table 9).
Matched WBC DNA TEC-seq was performedtofilter out plasmavariants
related to CH. Asummary of the genomic alterations detected in cfDNA
alongside their origin is shownin Supplementary Table 10.

Somatic variants were identified across the targeted regions using
VariantDXx, and variant origin was determined using atumor-agnostic
WBC-informed approach®. Germline and CH variants were filtered
out using matched WBC DNA sequencing. Taking into consideration
buffy coat contamination by circulating tumor cells, which would
resultin the classification of tumor-derived variant as CH-derived, we
used information about variant occurrences in the COSMIC somatic
mutation registry to determine variant origin. Variants detected in
plasma were cross-referenced with COSMIC to annotate cancer hot-
spot alterations using OpenCRAVAT*. Hotspots were defined as >25
COSMIC occurrences. Variants that are classified as nonhotspots and
have a variant allele fraction > 25% in all plasma and the WBC sam-
ples from the same patient were classified as germline. All hotspot
and remaining nongermline variants were further examined to deter-
mine variant origin. Plasma variants with a super mutant count of
>3 were classified as CH-derived, and variants with a super mutant
count of O were classified as tumor-derived. Variants with a super
mutant count of =1 were analyzed further to eliminate CH-derived
variants that are below the TEC-seq level of detection. Nonhotspot
variants were classified as CH-derived, and hotspot variants were
further examined using COSMIC occurrences. Variants with occur-
rences in hematologic and lymphoid malignancies >10% of all occur-
rences were classified as CH-derived and ones <10% were classified as
tumor-derived. All variants assigned as tumor-derived were visually
inspected using the Integrative Genomic Viewer and considered in
our analyses.

Functional T cell assays

Neoantigen-specific T cells were detected in peripheral blood using
the Mutation-Associated Neoantigen Functional Expansion of Specific
T Cells (MANAFEST) assay as described previously'”®, with minor modi-
fications (Supplementary Tables 12-18). This approach combines ex
vivo T cell culture and peptide stimulation with T cell receptor (TCR)
sequencing toidentify significant and specific T cell clonotypic expan-
sions. From each patient, 40-60 putative neoantigens were selected
based on predicted major histocompatibility complex (MHC) class |
affinity and expression in the relevant tumor type and were synthe-
sized (JPT Peptide Technologies). Peptides were combined into pools
of 4-6 peptides per pool for a total of ~10 pools per patient. T cells
were isolated from peripheral blood mononuclear cells (PBMC) by
negative selection (EasySep; STEMCELL Technologies) on day 0 and
cultured as previously reported”'®. TCR sequencing of extracted DNA
from cultured CD8+ cells was performed by the Johns Hopkins Fest
and TCR Immunogenomics Core Facility (FTIC) using the Adaptive
Biotechnologies hsTCRB Kit using survey-level sequencing (Adaptive
Biotechnologies). Nonproductive TCR sequences were eliminated
and aligned to obtain only the complementary-determining region
3 (CDR3) region. Sequences not beginning with C or ending with F or
Wand having less than seven amino acids were eliminated. Processed
datafiles were analyzed using the publicly available MANAFEST analysis

web application (http:/www.stat-apps.onc.jhmi.edu/FEST) to define
neoantigen-specific T cell clonotypes.

Statistical analyses

For eachneoadjuvant regimen, we aimed to enroll 16 evaluable patients
into Arm A and 16 patients into Arm B. Evaluable patients were those
whoreceived atleast one dose of neoadjuvant nivolumab or nivolumab/
relatlimab administration and completed toxicity follow-up through
100 days after the last dose of nivolumab. Patients who lost to follow-up
within 100 days after the last dose of nivolumab are not considered
evaluable. Based on historical data®’, we assumed the rate of grade 3
or 4 treatment-related pneumonitis and acute respiratory failure in the
regimen of chemoradiation and surgery aloneis about 9%. Therefore, to
minimize therisks of adding nivolumab or nivolumab/relatlimab as neo-
adjuvant therapy, safety was monitored by a Bayesian stopping rule for
therate ofgrade 3 or 4 treatment-related pneumonitis and acute respira-
tory failure greater than 30% (three times of baseline toxicity rate). Spe-
cifically, the Bayesiantoxicity monitoring rule would suspend theaccrual
anytime if the posterior probability of grade 3 or 4 treatment-related
pneumonitisand acuterespiratory failure being larger than30%is 70% or
higher. We assumed a priori that the experimental regimens had anaver-
agerisk of around 25% and there is a34% chance that the risk will be 30%
or higher. Atany timeifthe stopping criterion was met, accrual to the trial
wouldbe temporarily suspended and the principalinvestigator and study
teamwill review the toxicity dataand recommend either modificationor
termination of the trial. The Bayesian toxicity monitoring rule also would
suspendaccrual anytimeifthe posterior probability of treatment-related
grade 5adverse events waslarger than10%. We assumed apriorithat the
experimental regimens had anaveragerisk of 5% and there is about a14%
chance that the risk willbe 10% or higher.

Tominimize the potential risks exposed to patients, the safety and
feasibility-related analyses for Arm Awere conducted before initiating
accruals for Arm B. Adverse events for each regimen were tabulated by
type, grade and attribution of adverse event. In addition, the propor-
tions of grade 3 or 4 treatment-related pneumonitis and acute respira-
tory failure, treatment-related grade 5 AE and patients with surgery
without substantial delays were reported along with exact binomial 95%
Cls. To preliminarily assess the efficacy of the experimental regimen,
the pCRrate was estimated among all evaluable patients, and 95% exact
Clwas provided. RFS was defined as the time from treatment initiation
to disease recurrence or death due to any cause, whichever occurred
first. OS was defined as the time from treatment initiation to death due
toany cause. Patients were censored if no RFS or OS event occurred by
thelastfollow-up. BothRFS and OS were analyzed as time-to-event data,
thatis, the respectiverates at different time points (for example, every
6 months) were estimated using the Kaplan-Meier method, and the
associated point-wise Cl was calculated using the Greenwood formula
withlog-logtransformation. Given the nature of the single-arm, phase
Il design for each cohort, the study was not designed to differentiate
between intention-to-treat and per-protocol analysis.

For PD-L1 expression and ctDNA analyses, Fisher’s exact test was
used for categorical analyses, and for nonparametric comparisons,
the Wilcoxon rank-sum test was used. For survival analyses, RFS and
OS were analyzed as time-to-event data with median point estimates
calculated using the Kaplan-Meier method, and survival curves were
compared using the log-rank test. Statistical analyses were performed
inRversion3.6.1.

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

Data availability
NGS data from plasma and matched WBC DNA are deposited and canbe
retrieved fromthe European Genome-Phenome Archive (EGA accession
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EGAS00001007299). Toretrieve the dataset, access canbe requested
through the EGA portal and upon completion of adata use agreement.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Radiotherapy plan for patient CGES22.

(a) Representative radiotherapy plan of patient CGES22 who developed adrenal
insufficiency toxicity. Radiotherapy DICOMs are shown in representative axial,
sagittal and coronalsslices. (b) Dose volume histogram (DVH) of target and
normal structures; all target and normal structure dose objectives met protocol-

specified markers of plan quality, which mirror national guidelines. (c) DVH of
right, left and combined adrenal glands; listed below the DVH are dose statistics
(max, mean) for adrenal glands. As there are no metrics for goal dose in adrenal
glandsintheliterature, these are contoured and reported after therapeutic
radiation administration.
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Extended Data Fig. 2| See next page for caption.
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Extended Data Fig. 2| Radiotherapy plan for patient CGES26. protocol-specified markers of plan quality, which mirror national guidelines.
(a) Representative radiotherapy plan of patient CGES26 who experienced (c) DVH of right, left and combined adrenal glands; listed below the DVH are
adrenal insufficiency toxicity. Radiotherapy DICOMs are showninrepresentative ~ dose statistics (max, mean) for adrenal glands. As there are no metrics for goal
axial, sagittal and coronal slices. (b) Dose volume histogram (DVH) of target and doseinadrenal glands in the literature, these are contoured and reported after
normal structures; all target and normal structure dose objectives met therapeutic radiation administration.
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Extended Data Fig. 3| Clinical outcomes of patients with differential
baseline PD-L1and LAG-3 expression. (a) A trend toward alonger OS was
noted for patients with a baseline PD-L1 CPS =5 compared to patients with a

CPS <5 (log-rank p = 0.13). (b) When considering patients with adenocarcinoma
(n=26), patients with abaseline PD-L1CPS >5 had alonger RFS compared to
patients with a CPS <5 (median RFS not reached vs 29.34 months, respectively,
log-rank p = 0.026). (c) There was no difference in normalized LAG-3 expression
inbaseline tumors by treatment arm (median LAG-3 normalized log, expression
of 6.12vs 6.09 for arms A and B, respectively, two-sided Wilcoxon rank-sum test,
p =1). (d) Patients who attained a pCR showed a trend toward a higher baseline

LAG-3 expression compared to patients who did not attain a pCR (median

LAG-3 expression 6.78 vs 6.08, respectively, two-sided Wilcoxon rank-sum test,
p=0.059). (e) When considering Arm A patients (n =13), there was no difference
inbaseline LAG-3 expression based on MPR status (median LAG-3 expression
6.14 vs 6.19 for non-MPR and MPR, respectively, two-sided Wilcoxon rank-sum
test, p = 0.45). Allbox plots depict the median value, with the lower and upper
hinge corresponding to the first and third quartiles, respectively. The upper
whisker extends from the upper hinge to at most 1.5x the interquartile range and
the lower whisker extends from the lower hinge to at most 1.5x the interquartile
range.
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Extended DataFig. 4 | Correlation between ctDNA status at different time
points and residual tumor volume at the time of surgery. (a) The level of
ctDNA at baseline, represented by the maximal mutant allele frequency of tumor-
derived variants, did not correlate with the percent of residual tumors at the time
of resection (Pearson’s correlation coefficient R?= 0.039). (b) Detectable ctDNA
post-IClinduction was associated with >20% residual tumor (two-sided Fisher’s
exact, p = 0.034). (c) Patients with undetectable ctDNA post-ICI (orange) showed
atrend toward a lower residual tumor volume at the time of resection compared
to patients with detectable ctDNA at that time point (blue; median residual tumor
5% vs 25%, respectively, two-sided Wilcoxon rank-sum test, p = 0.16). (d) Patients

withundetectable ctDNA at the preop time point had a numerically lower
residual tumor volume at the time of resection when compared to patients

with detectable ctDNA at the same time point; however, this did not reach
statistical significance (median residual tumor 7.5% vs 20%, respectively,
two-sided Wilcoxon rank-sum test, p = 0.3). Allbox plots depict the median value,
with the lower and upper hinge corresponding to the first and third quartiles,
respectively. The upper whisker extends from the upper hinge to at most 1.5x the
interquartile range and the lower whisker extends from the lower hinge to at most
1.5x theinterquartile range.
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Association of ctDNA status and overall survival. (a) We
observed atrend toward alonger overall survival for patients with undetectable
ctDNA throughout the study or patients with undetectable ctDNA post-ICI
compared to patients with detectable ctDNA post-ICl induction (median OS not
reached for all groups, log-rank p = 0.07). (b) Patients with undetectable ctDNA
post-ICl had a trend toward a longer OS compared to patients with detectable
ctDNA at post-ICI (median OS not reached for both groups, log-rank p = 0.07).

(c) Patients with undetectable ctDNA throughout the study or undetectable
ctDNA at the preop timepoint had alonger OS compared to patients with
detectable ctDNA (median OS not reached vs not reached vs 23.43 months,

respectively, log-rank p = 0.023). (d) When patients with undetectable ctDNA
throughout the study were excluded, we observed a trend toward longer OS for
patients with undetectable ctDNA preop compared to patients with detectable
ctDNA at that time point (median OS not reached vs 23.43 months, respectively,
log-rank p = 0.075). (e) Patients with undetectable ctDNA postop had alonger
OS compared to patients with detectable ctDNA postop (median OS not reached
vs20.43, respectively, log-rank p = 0.017). (f) In evaluating non-pCR patients,
overall survival was not statistically significantly different with respect to post-
ICI ctDNA status, likely due to the small number of cases (log-rank p = 0.213).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Association between clinical outcomes and sustained months, log-rank p = 0.084) (b) Patients with sustained ctDNA clearance or
ctDNA clearance. ctDNA sustained clearance was defined as ctDNA presence at undetectable ctDNA throughout the study attained a numerically longer RFS;
baseline/D14 followed by sustained clearance for the duration of the study however, this finding did not reach statistical significance (median RFS 41.02
(inall post-ICl, preop and postop time points). (a) Patients with sustained ctDNA for undetectable ctDNA vs not reached for sustained ctDNA clearance vs
clearance had a trend toward longer RFS (median RFS not reached vs 29.34 29.34 months for ctDNA positive, log-rank p = 0.06).
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Extended Data Fig. 7 | Prediction of recurrence-free and overall survival
based on pathological complete or major pathological response for the
subset of patients with evaluable ctDNA. (a) In a subset analysis that included
only patients with evaluable ctDNA and pathologic responses (n =18), we
observed atrend toward alonger RFS for patients that attained acomplete
pathological response compared to patients that did not attaina complete
pathological response (median RFS not reached vs 29.34 months, respectively,
log-rank p = 0.082). (b) In the same subset of patients (n = 18), there were no
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differences noted in overall survival by pathological complete response status
(median OS not reached for both groups, log-rank p = 0.996). (c,d) Similarly,
for the 18 patients with evaluable ctDNA, patients with a major pathological
response did not have alonger RFS or OS compared to patients that did not
attain amajor pathological response (median RFS not reached vs 29.34 months,
respectively, log-rank p = 0.256, and median OS not reached for both groups,
log-rank p = 0.814).
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Extended Data Fig. 8 | Survival analyses based on combined baseline PD-L1
expression and ctDNA status. Baseline PD-L1 CPS binarized using a CPS
threshold of 5and combined with ctDNA status post-ICl and preop. (a,b) Patients
with undetectable ctDNA post-ICl had a statistically significantly longer RFS and
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numerically longer OS compared to patients with detectable ctDNA independent
of PD-L1CPS (log-rank p = 0.005 and p = 0.099, respectively). (c,d) Patients

with detectable ctDNA preop and a CPS < 5 had a significantly shorter RFS and
numerically shorter OS (log-rank p = 0.0003 and p = 0.15, respectively).
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Extended Data Fig. 9 | Neoantigen-specific T cell responses for patients with
differential ctDNA and pathological responses. Patients CGES3 (a) and CGES5
(b) both had undetectable ctDNA throughout the study, attained a complete
pathological response and did not have disease recurrence within the study
interval. For patient CGES3 (a), 3 neoantigen-specific TCR clone expansions
were noted (CATSAPGHPNEAFF, CASRTRDRRNYGGYTF and CASSSSYNEQFF);
similarly, for patient CGESS5 (b), one neoantigen-specific TCR clone expansion
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(CASSHGRTQPQHF) was noted. (c) Two neoantigen-specific TCR clone
expansions (CASSSSNQPQHF and CASSLGTGVEQYF) were noted for patient
CGES12, who had detectable ctDNA until the time of surgery reflective of 90%
residual tumor at the time of resection, and later experienced disease recurrence.
(d) No neoantigen-specific TCR clonal expansions were noted for patient CGES27,
with undetectable ctDNA throughout the study and 80% residual tumor at the
time of resection.
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Data collection  Data were collected, entered and managed by the clinical trial team at Johns Hopkins Sidney Kimmel Comprehensive Cancer Center in
Baltimore, MD, Allegheny Health Network in Pittsburgh, PA and Baylor University Medical Center in Dallas, TX according to standard data
management procedures. No software was used for data collection.

Data analysis R versions 3.6.1 and 4.2.2 we used for statistical analyses. Strelka version 2.9 was used for somatic mutation calling from whole exome
sequencing data. MANTIS version 1.0.4 was used for microsatellite status assessment from whole exome sequence data. Gene expression
analyses were performed using the NanoString nSolver software version 4.0. Somatic variants in ctDNA were identified using VariantDx
version 1.0 and annotated with OpenCRAVAT version 1.0. TCR sequence data files were analyzed in the publicly available MANAFEST analysis
web application (http://www.stat-apps.onc.jhmi.edu/FEST)
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Next generation sequencing data from plasma and matched WBC DNA are deposited and can be retrieved from the European Genome-Phenome Archive (EGA
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groupings
Population characteristics Patients predominantly had adenocarcinoma (87.5%), primary tumor located in the esophagus (81.3%), and nodal

involvement (75.0%). Sixteen patients received nivolumab as induction for 2 cycles then in combination with chemoradiation
for a total of 5 doses (Arm A). In Arm B, the first 9 of 16 patients received nivolumab and relatlimab following the same
schedule as in Arm A, while the remaining 7 patients only received nivolumab and relatlimab as induction due to a protocol
amendment for toxicity. The mean age of the whole cohort was 63 years old. 81.25% of patients were male and 18.75% were
female.

Recruitment Patients aged 18 years and older and with clinical stage II-ll distal esophageal/GEJ adenocarcinoma or squamous cell
carcinoma (American Joint Commission on Cancer (AJCC) 7th edition staging system) were eligible to enroll in the study. All
patients had to have surgically resectable disease and be a candidate for standard of care chemoradiotherapy followed by
surgery. Patients were recruited through the thoracic oncology clinics at Sidney Kimmel Comprehensive Cancer Center at
Johns Hopkins (SKCCC), Charles A Sammons Cancer Center (Baylor), and at the Allegheny Health Network (AHN). There were
no appreciable self-selection bias or other biases that affected recruitment.

Ethics oversight The study protocol and all amendments were approved by the Institutional Review Board of Johns Hopkins University (Johns
Hopkins Medicine Institutional Review Board #6) and local institutions (Allegheny Singer Research Institute and Baylor Scott &
White Research Institute). Written informed consent was provided by all study participants; participants were not
compensated.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size Sample size was chosen such that the estimation precisions of the primary and secondary endpoints, such as safety and feasibility were
consistent with the exploratory nature of the trial.

Data exclusions 28 patients completed the full course of neoadjuvant therapy; four patients (one patient in Arm A and three patients in Arm B) required ICI
discontinuation due to immunotherapy-related adverse events.

Replication The analytical performance of the liquid biopsy next-generation sequencing assay used in this clinical trial has been previously validated with
characteristics as follows: analytical sensitivity: 0.1-0.5% MAF, analytical specificity 99.998%. No template controls, that are specimens that do
not contain DNA (molecular grade water only) were used during library preparation and capture steps. In addition, external controls that
contained validated sequence mutations were used to ensure reproducibility across sequencing runs.
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Blinding Laboratory investigators were blinded to the subject identifiers and clinical data while generating the research data.
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Involved in the study n/a | Involved in the study
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Antibodies

Antibodies used PD-L1 staining was performed using clone 22C3 (Agilent) and run on Roche/Ventana Benchmark Ultra with the Optiview detection
kit. HER2 staining was performed using clone 4B5 (Roche) and run on Roche/Ventana Benchmark Ultra with the Ultraview detection
kit. MLH1 (M1, Roche), MSH2 (G219-1129, Roche), and MSH6 (SP93, Roche) staining were performed on Roche/Ventana Benchmark
Ultra with the Ultraview detection kit. PMS2 staining (A16-4 clone, Roche) was run on Roche/Ventana Benchmark Ultra with the
Ultraview detection kit and Optiv amplification kit.

Validation As per the manufacturers's websited, the antibodies used above are extensively validated.

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  ClinicalTrials.gov identifier NCT03044613.
Study protocol The full clinical trial protocol is provided as a separate attachment.

Data collection From August 2017 to July 2021, 42 patients were screened and 32 patients were enrolled. The first and last patient were enrolled on
the study on August 23, 2017 and July 1, 2021, respectively; data lock date was January 25, 2022. Patients enrolled at Johns Hopkins
Sidney Kimmel Comprehensive Cancer Center in Baltimore, MD, Allegheny Health Network in Pittsburgh, PA and Baylor University
Medical Center in Dallas, TX.

Outcomes The primary endpoint of the study was safety and secondary endpoint was feasibility. Safety was measured through the proportion
of evaluable patients whose worst adverse events of interest occurred within 100 days after the last dose of Nivolumab (or
Nivolumab+relatlimab) or within 30 days after surgery, whichever is longer. Feasibility was assessed through the proportion of
eligible patients who proceeded to surgery without substantial treatment-related delay; the latter defined as more than 11 weeks
from completion of chemoradiation. RFS and OS were measured every 3 months prior to and after surgical resection. Exploratory
endpoints included overall survival , recurrence-free survival , major pathological response (MPR) and pathological complete
response (pCR) rates. Recurrence-free survival was defined as the time from treatment initiation to disease recurrence or death due
to any cause, whichever occurred first. Overall survival was defined as the time from treatment initiation to death due to any cause.
Patients were censored if no RFS or OS event occurred by the last follow-up. Pathological response was assessed semi-quantitatively
using a modified Ryan scheme, as recommended by the College of American Pathologists; pCR signifies 0% residual tumor at the time
of resection, while MPR signifies <10% residual tumor at the time of resection.
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Seed stocks Not applicable.

Novel plant genotypes ~ Not applicable.

Authentication Not applicable.
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