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ABSTRACT
◥

Purpose: This phase Ib/2 trial investigated pembrolizumab-
containing trimodality therapy in patients with gastroesophageal
junction (GEJ) adenocarcinoma.

Patients and Methods: Patients with GEJ adenocarcinoma
(cT1–3NanyM0) received neoadjuvant pembrolizumab-containing
chemoradiation (CROSS regimen) followed by surgical resection
and adjuvant pembrolizumab. The primary endpoints were toler-
ability in the first 16 patients and pathologic complete response
[pCR (ypT0N0)]. Secondary endpoints included progression-free
survival (PFS) and overall survival (OS). An independent propen-
sity-score-matched cohort (treated with CROSS without immuno-
therapy) was used for comparison. Exploratory analyses included
immune biomarkers in the tumor microenvironment (TME) and
plasma.

Results:We enrolled 31 eligible patients, of whom 29 received all
expected doses of neoadjuvant pembrolizumab and 28 underwent

R0 resection. Safety endpoints were met. The primary efficacy
endpoint was not met [7/31 (22.6%) achieved pCR]. Patients with
high [i.e., combined positive score (CPS) ≥ 10] baseline expression
of programmed death (PD)-L1 in the TME had a significantly
higher pCR rate than those with low expression [50.0% (4/8) vs.
13.6% (3/22); P¼ 0.046]. Patients with high PD-L1 expression also
experienced longer PFS and OS than propensity-score-matched
patients. Among trial patients with PD-L1 CPS < 10, unprespecified
analysis explored whether extracellular vesicles (EV) could identify
further responders: an elevated plasma level of PD-L1–expressing
EVs was significantly associated with higher pCR.

Conclusions: Adding pembrolizumab to trimodality therapy
showed acceptable tolerability but did not meet the pre-specified
pCR endpoint. Exploratory analyses suggested that high PD-L1
expression in the TME and/or on EVs may identify patients most
likely to achieve tumor response.

Introduction
Immune checkpoint inhibitors targeting programmed death (PD)-1

(anti–PD-1) in combination with chemotherapy have become
standard first-line therapy for the treatment of metastatic esophageal,
gastroesophageal junction (GEJ), and gastric adenocarcinoma (1, 2).
In patients with nonmetastatic esophageal/GEJ carcinoma who
had suboptimal response to chemoradiation, adjuvant nivolumab
(vs. placebo) was found to significantly increase disease-free survival
(DFS; ref. 3). Outcomes from the addition of immune checkpoint
inhibitors to neoadjuvant chemoradiation in this disease have not been
extensively examined. Almost half the patients with GEJ adenocarci-
nomapresentwith locally advanced disease that is amenable to surgical

resection. A current standard of care for these patients is based on the
CROSS trial and consists of weekly carboplatin and paclitaxel with
concurrent radiotherapy followed by surgery (4). However, the 5-year
overall survival (OS) rate among adenocarcinomas is only 47% with
most relapses occurring in distant anatomic sites (4), underscoring the
need for novel systemic therapies.

There is compelling preclinical evidence to support combining
radiotherapy with immune checkpoint inhibitors (5, 6) as radiotherapy
not only improves local tumor control but also promotes systemic
immune response by stimulating cytokine production (7) and release of
neoantigens (8). Furthermore, radiotherapy was shown to upregulate
tumor-cell PD-L1 expression and the addition of anti–PD-1/-L1 to
radiotherapy delayed tumor growth and improved survival in animal
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models (9–11). The improvement in DFS in CheckMate-577 from the
addition of nivolumab after trimodality therapy suggests that anti–PD-
1 may cooperate with radiotherapy that is sequentially administered
prior to PD-1 blockade to eradicate micrometastases (3).

PD-L1 protein expression in the tumor microenvironment
(TME) has been implicated as a predictive biomarker for the efficacy
of anti–PD-1 therapy in this disease (1, 2, 12). PD-L1 is scored
immunohistochemically according to its expression in both immune
and tumor cells [combined positive score (CPS)] or in tumor cells
alone [tumor proportion score (TPS)]. PD-L1 expression in immune
versus tumor cells may be driven by different mechanisms (13–16). In
addition to cell-bound PD-L1, circulating PD-L1 in extracellular
vesicles (EV) comprising exosomes and microvesicles can suppress
T-cell function and has been associatedwith poor prognosis of patients
with cancer (17–20).

We performed a phase Ib/2 study (MC1541) that investigated the
clinical activity of pembrolizumab (anti–PD-1) in combination with
trimodality therapy in patients with resectable GEJ adenocarcinoma.
We explored the roles of PD-L1 expression in the TME by CPS and
TPS and in circulating EVs to predict treatment response.

Patients and Methods
Study design and participants

MC1541 is an open-label, single-arm phase Ib/2 study
(NCT02730546) investigating the safety and efficacy of pembrolizu-
mab in combination with neoadjuvant chemoradiation and adjuvant
pembrolizumab monotherapy after surgical resection of primary
cancer at two Mayo Clinic sites (Minnesota, Arizona). The phase Ib
portion of the study determined the safety and tolerability of pem-
brolizumab in combination with neoadjuvant chemoradiation. A
minimum of 15 evaluable patients were required for analysis of
dose-limiting toxicities (DLT) before activation of the phase II portion
that evaluated the pathologic complete response (pCR) rate of pem-
brolizumab in combination with neoadjuvant chemoradiation.

Inclusion criteria were: age 18-year–old and above; both sexes;
histologically or cytologically confirmed adenocarcinoma of the GEJ
(cT1–3NanyM0) amenable to surgical resection as determined by endo-
scopic ultrasound (EUS) ≤35 days prior to registration; Eastern

Cooperative Oncology Group (ECOG) performance status of 0 or
1; and adequate nutritional status and organ function.Major exclusion
criteria were: cT1N0 or T4Nany tumors, tumors that extend ≥5 cm into
the stomach, disease involvement of supraclavicular lymph nodes,
prior treatment for this malignancy, and prior radiation therapy to
chest or abdomen. All patients provided written, informed consent for
study participation. The study protocol and amendments were
approved by the institutional review board and conducted in accor-
dance with the Declaration of Helsinki.

Study procedures and treatment
Patientswere staged byEUS andPET-CT,CT, orMRI before start of

treatment. Neoadjuvant chemoradiation consisted of weekly carbo-
platin (AUC 2 mg/mL/minute) and paclitaxel (50 mg/m2) on day 1, 8,
15, 22, and 29 administered with concurrent daily radiotherapy (41.4
Gy in 23 fractions) according to the CROSS regimen. At the beginning
of the phase Ib portion, neoadjuvant pembrolizumab was adminis-
tered on day 1, 22, and 43. After enrolling the first 8 subjects, the
protocol was amended to have pembrolizumab initiated 1 week before
the initiation of chemoradiation and the third dose omitted (day 7 and
15) to avoid potential delays in surgery resulting from toxicities
unrelated to pembrolizumab while also maintaining the protocol-
specified duration of at least 24 days between the date of last pem-
brolizumab administration and surgery. In the subsequent phase II
portion, pembrolizumab was initiated 2 weeks before the initiation of
chemoradiation (day 14 and 8) to explore dynamic changes in future
research in circulating cells (see Supplementary Methods). Since
outcomes did not significantly differ between these schedules, data
from the phase Ib and phase II portions were pooled (Supplementary
Methods). Pembrolizumab-containing chemoradiation was followed
by repeat PET-CT and, if no disease progressionwas observed, surgical
resection was performed. After surgery, adjuvant pembrolizumab
200 mg was administered once every 3 weeks for a total of six doses.
CT scans (chest, abdomen, pelvis) were obtained postsurgery, then
every 3 months for 1 year, and then every 4 months for 2 more years.

Endpoints
The primary objective of the phase Ib portion was to assess safety

with dose limiting toxicities (DLT) defined as the following:

(i) Type 1 DLT (neoadjuvant):
Grade 4 nonhematologic adverse event (AE) or a delay in
initiating neoadjuvant therapy by more than 14 days; or a
delay in surgery such that surgery occurs more than 12 weeks
after the last dose of radiotherapy–all at least possibly due to
pembrolizumab–or any grade 5 AE.

(ii) Type 2 DLT (postoperative):
Grade 5 AE within 30 days after surgery; or grade 4 non-
hematologic AE within 30 days after surgery at least possibly
related to pembrolizumab, excluding AEs that resolve to
grade 2 or less within 7 days.

(iii) Type 3 DLT (adjuvant):
Grade 4 nonhematologic AE at least possibly related to pembro-
lizumab; or any grade 5 AE during adjuvant pembrolizumab.

DLTs will be analyzed, with consideration to proceed to the phase II
portion if all of the following criteria are met out of 15 evaluable
patients:

(i) ≤4 patients with type 1 DLT
(ii) ≤2 patients with grade 5 type 2 DLT

Translational Relevance

In this study, we prospectively evaluated the safety and efficacy
of adding anti–programmed death (PD)-1 therapy (pembrolizu-
mab) to standard neoadjuvant chemoradiation and surgery in
patients with locally advanced gastroesophageal adenocarcinoma.
We report promising activity using this approach in the subset of
patients with high baseline tissue expression of PD-L1. These
results suggest the importance of measuring tissue PD-L1, a readily
measurable marker of T-cell inflammation, for patient stratifica-
tion and/or efficacy analysis in larger randomized trials. In addi-
tion, we show that elevated plasma levels of PD-L1–expressing
extracellular vesiclesmay identify responders to immunotherapy in
patients with low/absent tissue expression of PD-L1. This obser-
vation supports further investigation of vesicle-bound PD-L1 as a
therapeutic target, as well as a novel biomarker to enhance patient
selection. Together, these unique findings demonstrate that anti–
PD-1–containing trimodality therapy can lead to favorable tumor
response in biomarker-selected patients.
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(iii) ≤6 patients with grade 4 nonhematologic type 2 DLT
(iv) ≤3 patients with grade 4 nonhematologic type 3 DLT
(v) ≤1 patient with grade 5 type 3 DLT

Dose delays or interruptions of chemoradiation at least possibly
related to toxicity of the treatment regimen would be considered in the
safety evaluation. Neoadjuvant AEs were defined as the start of
neoadjuvant therapy until 90 days after the last dose of neoadjuvant
therapy or until surgery, whichever occurred first. Postoperative AEs
were defined within 30 days after surgery. Adjuvant AEs were defined
as the start of adjuvant therapy until 90 days after the last dose of
adjuvant therapy.

The primary objective of the phase II portion was to evaluate the
pCR rate of pembrolizumab in combination with neoadjuvant
chemoradiation defined as number of patients with pCR divided
by total evaluable patients, with data pooled from the phase Ib and
II portions. pCR was defined as the absence of viable tumor cells at
the primary tumor site and all resected lymph nodes in the surgical
specimens (ypT0N0). Secondary endpoints included completion
rate of chemoradiation, delay or withdrawal in surgery, postop-
erative complications, R0 resection rate, progression-free survival
(PFS), and OS. Exploratory endpoints were based on IHC and
serum studies to identify tissue and circulating biomarkers that are
associated pCR, PFS, and OS. Toxicity was assessed in all evaluable
patients who started neoadjuvant therapy per protocol according to
the Common Terminology Criteria for Adverse Events v4.03.
Adverse events of special interest were not predefined, but all AEs
were prospectively collected with grade and attribution. PFS was
defined as the time from the date of study registration to the date
of death due to all causes, recurrence if R0 resection was achieved,
R1/R2 resection at surgery, or disease progression before undergo-
ing surgery, which ever occurred first among evaluable patients. OS
was defined as the time from the date of study registration to the
date of death due to all causes among evaluable patients.

Propensity-score matching
To compare the outcomes of this study with conventional neoad-

juvant chemoradiation, a cohort of 93 patients with newly diagnosed
resectable adenocarcinoma of the esophagus or GEJ treated with
standard neoadjuvant weekly carboplatin and paclitaxel with concur-
rent daily radiation (41.4–50.4 Gy), with planned surgical resection, at
Mayo Clinic was selected for propensity score matching. A logistic
regression model was used to match on baseline variables (age, cT
stage, cN stage, and signet-ring cell histology); a 1:2 to 1:4 ratio
matching ratio was used with a caliper of 0.15.

Exploratory studies
Baseline and surgical specimens were stored in formalin-fixed,

paraffin-embedded blocks. IHC staining was performed for PD-L1
CPS and TPS with the 22C3 antibody (Dako). Using standard criteria,
CPS was defined as the percent of PD-L1–positive tumor and
immune cells divided by the number of tumor cells multiplied by
100, and TPS as the percent of PD-L1–positive tumor cells divided by
the number of tumor cells. PD-L1–expressing EVs were measured by
nanoscale flow cytometry, as we previously described (21). Briefly,
plasma samples were centrifuged at 2,000 x g and incubated with
H1A antibody (Dong Lab) conjugated with Alexa-647 at room
temperature. EVs were measured with the A60Micro-Plus Nanoscale
Flow Cytometer (Apogee Flow Systems) and data was analyzed with
FlowJo v10.6.1.

Statistical analysis
The pCR rate was defined as the number of patients with pCR

divided by total evaluable patients. All eligible patients who signed
consent and began protocol treatment were considered evaluable.
With at least 15 patients in the phase Ib portion, 15 patients in
the phase II portion would provide 81% power to detect an improve-
ment in the pCR rate of 27% compared with historic control of 21%
(i.e., achieving pCR rate of at least 48% with the denominator being
eligible patients who did not withdraw consent; ref. 4). A total of 30
evaluable patients from phase Ib and II portions provide 83% power to
claim the proposed regimen warrants further study at one-sided
significance level of 0.08, if at least 10 patients achieve pCR (Supple-
mentary Methods). Analysis of tissue-based PD-L1 expression and
circulating biomarkers was preplanned, but the analytic approach
for tissue-based PD-L1 was not predefined, and analysis of extracel-
lular vesicles was not prespecified. As biomarker analyses were
exploratory, power calculations were not indicated. Descriptive
statistics including median, range, frequency, and statistical graphs
were used to summarize patient characteristics, tumor response,
and biomarker data. The Kaplan–Meier method and Cox propor-
tional hazards models including HR and 95% confidence intervals
(CI) were used to assess PFS and OS along with the log–rank test for
statistical significance. Data cut-off for PFS and OS was Nov 12,
2021. Wilcoxon rank–sum tests were used to compare continuous
data between groups of interest. Associations of categorical vari-
ables were done via c2 or Fisher exact tests. Two-sided tests were
performed and a P < 0.05 was considered statistically significant.
JMP v14.1 and SAS v9.4 were used for statistical analysis.

Data availability statement
The data generated in this study are available within the article and

its supplementary data files.

Results
Patients

From July 2016 to February 2021, we enrolled 31 eligible patients at
twoMayoClinic sites (Supplementary Fig. S1). 16patientswere enrolled
in the phase Ib portion.All safety endpoints in the phase Ib portionwere
met (one DLT during neoadjuvant therapy, one DLT postoperatively,
and no DLTs during adjuvant therapy). Accordingly, the study pro-
ceeded to the phase II portion during which an additional 15 patients
were enrolled. Baseline characteristics are shown in Table 1. Most
patients had adenocarcinoma arising from the GEJ (93.5%); were male
(96.8%), 29 had cT3 (93.5%), 27 were cN-positive (87.1%), and 6 had
signet ring cell histology (19.4%). DNA mismatch repair (MMR)/
microsatellite instability status was available in 67.7% (21/31) patients,
and all had intact MMR or microsatellite-stable tumors.

Completion of treatment
Of 31 patients, 29 (93.5%) received all expected doses of neoadju-

vant pembrolizumab. 2 patients in the phase Ib portion missed the
third dose of pembrolizumab after completing chemoradiation: 1 due
to immune-related myocarditis who did not undergo surgery; 1 due to
neutropenia and pulmonary embolism who continued protocol treat-
ment and underwent planned surgical resection without delay. All
patients in the phase II portion received the assigned doses of
pembrolizumab. 26 of 31 (83.9%) patients received all doses of
chemotherapy. 5 patientsmissed a single dose of carboplatin/paclitaxel
due to neutropenia (n ¼ 4) and severe allergic reaction (n ¼ 1). All
patients completed the full course of radiotherapy. 21 of 29 (72.4%)

Neoadjuvant Pembrolizumab for Gastroesophageal Cancer
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patients who underwent surgical resection started adjuvant pembro-
lizumab. Reasons for not starting adjuvant treatment include preop-
erative disease progression (n¼ 1), insufficient recovery from surgery
(n ¼ 3), postoperative disease progression (n ¼ 2), and patient
preference (n ¼ 2). Among patients who started adjuvant pembroli-
zumab, median doses administered was 6 (range 1–6); reasons for
missing a dose include disease progression (n¼ 6) and toxicity (n¼ 1,
grade 2 palpitations).

Primary safety endpoint
Overall toxicity

During neoadjuvant therapy, 17 of 31 patients (54.8%) experi-
enced grade 3 to 4 AEs regardless of attribution (Table 2) mostly
commonly leukopenia (19.4%), neutropenia (16.1%), and hyper-
tension (12.9%). No grade 5 AE was observed. During adjuvant
therapy, 10 of 21 patients (47.6%) who started treatment had grade
3 to 5 AEs regardless of attribution (Table 2) mostly commonly
hypertension (14.3%), pain (14.3%), and elevated aspartate amino-
transferase (AST) or alanine aminotransaminase (ALT; 14.3%). One
patient had grade 5 disseminated intravascular coagulation in the
setting of disease progression.

Surgery
Of 31 patients, 29 (93.5%) proceeded to surgery. 2 patients did not

undergo surgery for immune-related grade 4 myocarditis (n ¼ 1) and

disease progression (n ¼ 1). 1 patient experienced a 1 week delay in
surgery due to grade 2 pericarditis considered related to radiotherapy.
As shown in Table 2, the most common grade 3 to 4 surgical
complications were infectious (20.7%) and cardiac (17.2%). Anasto-
motic leakage occurred in 10.3% (3/29) of patients. No deaths occurred
within 30 days after surgery.

Immune-related toxicity
Grade 2 or higher immune-relatedAEs (irAE) occurred in 5 patients

during neoadjuvant therapy and 5 during adjuvant therapy (Table 3).
During neoadjuvant therapy, 1 patient (described above) had grade 4
myocarditis, grade 3 hypophysitis, and grade 2 cranial nerve palsy; 2
patients had grade 2 rash; 1 patient had grade 3 diarrhea; and 1 had
grade 3 hemolysis. During adjuvant therapy, 1 patient had grade 2 rash;
1 had grade 2 chest palpitations; 1 had grade 2 increased ALT; 1 had
grade 3 increased AST; and 1 had grade 3 increased ALT and AST and
grade 3 cholecystitis. All patients recovered without severe sequelae.

Notably, the patient who developed grade 4 myocarditis (after two
doses of neoadjuvant pembrolizumab) discontinued protocol treat-
ment and did not undergo surgical resection. PET-CT and esopha-
gogastroduodenoscopy (EGD) with biopsy after completing chemor-
adiation were negative for cancer. Local recurrence was identified
5 months after study enrollment, and systemic anticancer treatment
without immunotherapy was resumed. He remains alive 5 years later
without radiographic evidence of disease.

Primary efficacy endpoint
The R0 resection rate was 90.3% (28/31). A pCR (ypT0N0) was

observed in 22.6% of patients (7/31; 95% CI, 11.4–39.8; Fig. 1A). pCR
was significantly associated with longer PFS (P ¼ 0.031; Fig. 1B) and
OS (P ¼ 0.063; Fig. 1C). In total, 93 patients from the propensity-
score-matched cohort (Supplementary Table S1) who received stan-
dard carboplatin/paclitaxel-based chemoradiation were compared
with 31 patients in this study. No statistically significant difference
in the pCR rate was observed between the cohorts [22.6% (7/31) vs.
12.9% (12/93), P ¼ 0.21]. Median follow-up for PFS was 24.7 months
in MC1541 and 22.5 months in the propensity-score-matched cohort
(24.2 vs. 22.0, respectively, for OS). Median PFS was 19.6 months in
MC1541 versus 14.6 months in the propensity-score-matched cohort
(log–rank P¼ 0.409; 2-year rates 48.5% vs. 32.2%; HR¼ 0.79; 95% CI,
0.40–1.57; Supplementary Fig. S2A). Median OS was not reached for
either group (log–rank P¼ 0.950; 2-year rates 66.3% vs. 64.5%; HR¼
0.98; 95% CI, 0.39–2.44; Supplementary Fig. S2B).

Exploratory analyses
PD-L1 expression in the TME

Data on baseline PD-L1 expression in the TME was available in
96.8% (30/31) of patients. Patients whose TME showed positive PD-L1
expression in immune and tumor cells had a significantly higher pCR
rate [50.0% (4/8; 95% CI, 21.5–78.5) in CPS ≥ 10 vs. 13.6% (3/22; 95%
CI, 4.7–33.3) in CPS < 10; P¼ 0.046; Fig. 1A). CPS ≥ 10 (vs. <10) was
numerically associated with longer PFS (log–rank P ¼ 0.061; 2-year
rates 65.6% vs. 44.3%; HR¼ 0.26; 95% CI, 0.06–1.18; Fig. 2A) and OS
(log–rank P¼ 0.162; 2-year rates 87.5% vs. 61.6%; HR¼ 0.25; 95% CI,
0.03–2.03;Fig. 2B). PatientswithCPS≥ 10 also had numerically longer
PFS (log–rank P¼ 0.16; 2-year rates 65.6% vs. 32.2%; HR¼ 0.28; 95%
CI, 0.06–1.22; Fig. 2A) and OS (log–rank P¼ 0.36; 2-year rates 87.5%
vs. 64.5%; HR¼ 0.29; 95%CI, 0.04–2.32; Fig. 2B) than the propensity-
score-matched cohort.

PD-L1 expression in tumor cells (i.e., TPS ≥ 1%) was observed
in 16.7% (5/30) of patients, which was numerically associated

Table 1. Patient characteristics.

Baseline variable Total (n ¼ 31)

Age, years
Median 62
Range 44.0–76.0

Gender, n (%)
Female 1 (3.2%)
Male 30 (96.8%)

Race, n (%)
White 31 (100.0%)

Ethnicity, n (%)
Not Hispanic or Latino 31 (100.0%)

Tumor location, n (%)
Gastroesophageal junction 29 (93.5%)
Gastric cardia 2 (6.5%)

Histologic grade (differentiation), n (%)
G2 (moderately differentiated) 18 (58.1%)
G3 (poorly differentiated) 12 (38.7%)
GX (grade cannot be assessed) 1 (3.2%)

Clinical tumor stage, n (%)
T2 2 (6.5%)
T3 29 (93.5%)

Clinical nodal stage, n (%)
N0 4 (12.9%)
N1 13 (41.9%)
N2 12 (38.7%)
N3 2 (6.5%)

Signet ring cell histology, n (%)
Yes 6 (19.4%)
No 25 (80.6%)

PD-L1 CPS score, n (%)
<1 11 (35.5%)
1–9 11 (35.5%)
≥10 8 (25.8%)
Unknown 1 (3.2%)
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with a higher pCR rate [40.0% (2/5) in TPS ≥ 1% vs. 20.0% (5/25) in
TPS < 1%; P ¼ 0.358). TPS ≥ 1% (vs. <1%) was also numerically
associated with a longer PFS (log–rank P ¼ 0.154; 2-year rates 75.0%
vs. 44.5%; HR ¼ 0.25; 95% CI, 0.03–1.94; Supplementary Fig. S3A)
and OS (log–rank P ¼ 0.126; 2-year rates 100.0% vs. 61.8%; HR ¼
inestimable; P ¼ 0.995; Supplementary Fig. S3B). In addition, we

observed that 24.0% (6/25) of patients with TPS < 1% contained some
PD-L1–expressing tumor cells, rendering their TPS >0 but <1%
(Supplementary Fig. S4A). Stepwise increases in PD-L1 expression
in tumor cells (TPS ¼ 0 vs. >0 to <1% vs. ≥1%) were significantly
associated with a higher level of PD-L1 expression in immune cells in
the TME (Supplementary Fig. S4A). TPS > 0 (vs. 0) was statistically
significantly associated with longer PFS (log–rank P ¼ 0.023; 2-year
rates 78.8% vs. 33.0%; HR ¼ 0.25; 95% CI, 0.07–0.91; Supplementary
Fig. S4B) andwas numerically associatedwith longerOS (log–rankP¼
0.052; 2-year rates 90.9% vs. 54.0%; HR ¼ 0.16; 95% CI, 0.02–1.31;
Supplementary Fig. S4C).

Baseline PD-L1 expression in the TME was available in 19 patients
in the propensity-score-matched cohort who did not receive anti–PD-
1 containing chemoradiation and was not significantly associated with
pCR, PFS, or OS (Supplementary Table S2; Supplementary Fig. S5).

PD-L1–expressing extracellular vesicles
We explored PD-L1–expressing EV levels measured in patient

plasma. Baseline EV data were available in 100% (31/31) of patients
and showed significant heterogeneity between patients [median 2.4,
mean 44.2 (range 0.8–654.9) EV/nL; Fig. 3A]. Circulating PD-L1–
expressing EV levels did not differ significantly in patients whose TME
exhibited high (vs. low) PD-L1 expression [median 1.8 (interquartile
range 1.3–3.8) EV/nL in CPS ≥ 10 vs. 2.5 (interquartile range 1.9–8.0)
EV/nL in CPS < 10, respectively; Supplementary Fig. S6], and was not
significantly associated with pCR, PFS, or OS.

Since high PD-L1 CPS expression in the TME already identified
responders to pembrolizumab-containing chemoradiation, we
explored whether PD-L1–expressing EVs among patients with low
PD-L1 CPS in the TME could identify further responders. Among
patients whose TME demonstrated low PD-L1 expression (CPS < 10),
those with a high (≥median 2.4 EV/nL) versus low (<median) level of

Table 2. Grade 3 to 5 AEs regardless of attribution.

Neoadjuvant (n ¼ 31) Postoperative (n ¼ 29) Adjuvant (n ¼ 21)d

AE Grade 3 Grade 4 AE Grade 3 Grade 4 AE Grade 3 Grade 4

Leukopenia 6 (19.4%) 0 Infectiousa 3 (10.3%) 3 (10.3%) Hypertension 3 (14.3%) 0
Neutropenia 5 (16.1%) 0 Cardiacb 5 (17.2%) 0 Pain 3 (14.3%) 0
Hypertension 4 (12.9%) 0 Pulmonaryc 3 (10.3%) 0 AST/ALT increased 3 (14.3%) 0
Thrombocytopenia 1 (3.2%) 1 (3.2%) Ileus 3 (10.3%) 0 Alkaline phosphatase

increased
2 (9.5%) 0

Hypotension 1 (3.2%) 1 (3.2%) Anastomotic leak 3 (10.3%) 0 Dysphagia 2 (9.5%) 0
Febrile neutropenia 1 (3.2%) 0 Hypertension 2 (6.9%) 0 Infections 2 (9.5%) 0
Hemolysis 1 (3.2%) 0 Hemorrhage 2 (6.9%) 0 Weight loss 2 (9.5%) 0
Dysphagia 1 (3.2%) 0 Anemia 2 (6.9%) 0 Anemia 1 (4.8%) 0
Allergic reaction 0 1 (3.2%) Thrombocytopenia 1 (3.4%) 0 Aspiration 1 (4.8%) 0
Syncope 1 (3.2%) 0 Leukocytosis 1 (3.4%) 0 Nausea 1 (4.8%) 0
Pulmonary embolism 1 (3.2%) 0 Pulmonary embolism 1 (3.4%) 0 Cholecystitis 1 (4.8%) 0
Sinus tachycardia 1 (3.2%) 0 Gastric conduit leak 1 (3.4%) 1 (3.4%) Ascites 1 (4.8%) 0
Oral mucositis 1 (3.2%) 0 Gastric fistula 0 1 (3.4%) Enterocolitis 1 (4.8%) 0
Sepsis 0 1 (3.2%) Duodenal stump leak 0 1 (3.4%) Hyperglycemia 1 (4.8%) 0
Dehydration 1 (3.2%) 0 Diarrhea 1 (3.4%) 0
Hypophysitis 1 (3.2%) 0 Gastric obstruction 1 (3.4%) 0
Fatigue 1 (3.2%) 0 Small bowel dilatation 1 (3.4%) 0
Diarrhea 1 (3.2%) 0 Creatinine increased 1 (3.4%) 0
Myocarditis 0 1 (3.2%) Hypernatremia 0 1 (3.4%)

Anorexia 1 (3.4%) 0

aInfectious complications include sepsis, bacteremia, pelvic infection, and empyema.
bCardiac complications include atrial fibrillation, sinus tachycardia, and pericardial effusion.
cPulmonary complications include aspiration, hypoxia, and pleural effusion.
d1 patient had grade 5 disseminated intravascular coagulation in the setting of disease progression.

Table 3. irAEs.

Grade 1 Grade 2 Grade 3 Grade 4

Neoadjuvant (n ¼ 31)
Diarrhea/colitis 6 (19.4%) 0 1 (3.2%) 0
Rash 3 (9.7%) 2 (6.5%) 0 0
AST/ALT increased 1 (3.2%) 0 0 0
Endocrinopathya 1 (3.2%) 0 1 (3.2%) 0
Hemolysis 0 0 1 (3.2%) 0
Myocarditisb 0 0 0 1 (3.2%)
CNS palsy 0 1 (3.2%) 0 0

Adjuvant (n ¼ 21)
Diarrhea/colitis 10 (47.6%) 1 (4.8%) 0 0
Rash 3 (14.3%) 1 (4.8%) 0 0
AST/ALT increased 1 (4.8%) 1 (4.8%) 3 (14.3%) 0
Endocrinopathyc 1 (4.8%) 0 0 0
Palpitations 0 1 (4.8%) 0 0
Cholecystitis 0 0 1 (4.8%) 0

aHypophysitis.
bThe patient who developed grade 4 myocarditis presented with a complete
heart block and sustained ventricular tachycardia after receiving two doses of
neoadjuvant pembrolizumab. His symptoms persisted despite high-dose ste-
roid, amiodarone and flecainide drip treatment, and dual chamber pacer, which
finally and immediately resolved after plasma exchange. His left ventricular
ejection fraction was maintained at about 50% throughout.
cHyperglycemia.
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PD-L1–expressing EVs had a significantly higher pCR rate [27.3% (3/
11) vs. 0 (0/11), P¼ 0.031; Fig. 3B]. To rule out potential confounding
by tissue expression of PD-L1 in tumor cells, we then restricted analysis
to patients whose TMEhad a complete absence of PD-L1 in tumor cells
(i.e., TPS 0) and found that the association remained significant.
Among patients with both CPS < 10 and TPS ¼ 0, high versus low
levels of PD-L1–expressing EVs were associated with pCR rates of
33.3% (3/9) vsversus 0 (0/8), respectively (P ¼ 0.036). In the small
subgroup of patients whose TME hadCPS ≥ 10, a high (vs. low) level of
PD-L1–expressing EVs was associated with a numerically higher pCR
rate [66.7% (2/3) vs. 40.0% (2/5); Fig. 3B].

Discussion
We examined the combination of PD-1 blockade (pembrolizumab)

with concurrent neoadjuvant carboplatin/paclitaxel-based chemora-
diation followed by surgery in patients with locally advanced adeno-
carcinoma of GEJ. This treatment met the primary safety endpoint.
Neoadjuvant treatment-related toxicity and postoperative toxicity

reported in this study were comparable with the CROSS study, except
for additional irAEs associated with anti–PD-1 therapy. 5 patients
(16%) experienced irAEs with neoadjuvant pembrolizumab, of whom
4 underwent surgery without delay. The rates of irAEs with neoadju-
vant pembrolizumab in our study appear similar to prior trials
examining anti–PD-1/-L1–containing chemoradiation in esophage-
al/GEJ adenocarcinoma (22, 23). Notably, there were no instances of
pneumonitis.

In the overall MC1541 cohort of PD-L1–unselected patients, the
combination of pembrolizumab with the CROSS chemoradiation
regimen did not meet the primary efficacy endpoint of pCR (current
23% vs. historic 21%). This may have been due to a high prevalence of
adverse tumor characteristics in our population, such as signet-ring
cell histology (19%) and clinical node positivity (87%) at baseline, both
of which have been associated with adverse prognosis in this dis-
ease (24, 25). However, our pCR rates in patients who started neoad-
juvant chemoradiation are similar to those reported in other recent
studies including PERFECT [25% (10/40), ref. 23] and Shah and
colleagues [21% (4/19), ref. 22]. Taken together, these findings suggest

P = 0.046
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Rate of pCR in MC1541 overall and according to baseline expression of PD-L1 in the TME (CPS ≥ 10 vs. <10;A). PFS (B) and OS (C) by pCR status for patients in MC1541.
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that the addition of anti–PD-1/-L1 therapy to neoadjuvant chemor-
adiation in esophageal/GEJ adenocarcinoma may not significantly
impact pCR in PD-L1–unselected patients. In our cohort and other
studies, pCR was significantly associated with longer PFS and OS,
but the degree to which pCR or other endpoints of primary tumor
response accurately forecasts long-term clinical benefit remains con-
troversial in PD-L1–unselected patients (26, 27). Of note, our study
was not powered for PFS or OS.

We performed exploratory analyses to evaluate whether immune
biomarkers could identify patients who might benefit from this
therapy. We focused on PD-L1 expression, a marker of a T-cell–
inflamed TME that has been associated with immune signatures
indicative of T-cell activation (28). A practical advantage of PD-L1
CPS or TPS over genomic signatures of T-cell inflammation is its

immediate availability inmost clinical pathology laboratories. Analysis
of tissue-based PD-L1 expression was preplanned, with more precise
definitions and cut-off points of CPS and TPS delineated posthoc
based on currently used clinical cut-off points in this disease.

We found that the subset of patients with high tissue expression of
PD-L1 in tumor and/or immune cells (i.e., CPS ≥ 10 vs. <10)
experienced significantly higher pCR rates (50% vs. 14%, respectively;
P¼ 0.046). Patients with a CPS ≥ 10, who comprised 27% (8/30) of the
cohort, also had numerically longer PFS and OS compared with
patients with lower PD-L1 levels (2-year rates 65.6% vs. 44.3% for
PFS and 87.5% vs. 61.6% for OS). These outcomes among PD-L1–high
patients who received pembrolizumab-containing trimodality therapy
compare favorably with those observed in the CROSS study in PD-L1–
unselected patients with adenocarcinoma histology (pCR rate 21%,
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2-year PFS rate 57%, 2-year OS rate 65%). In addition, this group had
outcomes that were favorable compared with a propensity-score-
matched PD-L1–unselected cohort treated with carboplatin/paclitax-
el-containing chemoradiation (pCR rate 12.9%, 2-year PFS rate 32.2%,
2-year OS rate 64.5%). To our knowledge, these are the first data in this
disease to indicate that high expression of PD-L1 in the TME at
baseline is significantly associated with improved outcomes from anti–
PD-1/-L1–containing trimodality therapy and suggest its potential
utility for patient selection and analysis.

Although PD-L1 CPS has been implicated as a predictive marker
in metastatic gastroesophageal cancer, its predictive value in
patients with nonmetastatic disease treated with curative intent
has not been extensively examined. PD-L1 CPS was significantly
associated with pCR in patients with resectable esophageal squa-
mous cell carcinoma who received anti–PD-1 (camrelizumab) in
combination with chemotherapy prior to surgical resection (29). Of
three trials in gastroesophageal adenocarcinoma that have reported
results from the addition of PD-1/-L1 blockade to neoadjuvant
chemoradiation (22, 23, 30), only the PERFECT study [which
examined atezolizumab (anti–PD-L1)] reported data on baseline
PD-L1 expression in the TME (23), to our knowledge. In PERFECT,
higher (vs. lower) CPS was numerically, but not statistically sig-
nificantly, associated with increased PFS, OS, and tumor response,
consistent with our study. Interestingly, positive PD-L1 expression
in the TME appeared to be associated with longer DFS from
adjuvant nivolumab (vs. placebo) following trimodality therapy in
an exploratory analysis of CheckMate-577 (3). We focused on a

PD-L1 CPS cut-off point of 10 because this was identified as the
ideal cut-off point for identifying patients with esophageal cancer
who benefit from pembrolizumab in the metastatic setting (1, 31)
and is the only cut-off point for pembrolizumab with a category 1 or
2A recommendation by National Comprehensive Cancer Network
and European Medicines Agency.

Notably, due to the lack of a randomized control arm in our study, it
is possible that PD-L1 expression may simply be a marker for
improved prognosis. Existing literature on the prognostic impact of
PD-L1 expression in patients who have not received anti–PD-1/-L1–
containing therapy has not yielded uniform results, to date, but
suggests that PD-L1 expression may be associated with adverse or
null prognosis. In metastatic or trimodality-treated gastric/esophageal
cancer, increasing expression levels of PD-L1 appear to correlate with
slightly shorter median OS and PFS in the control arms of randomized
phase III trials (1–3). In nonmetastatic disease, the prognostic impact
of PD-L1 expression has been reported to be adverse (32, 33),
favorable (34–36), and null (37, 38). One meta-analysis comprising
3291 patients showed that PD-L1 overexpression in tumor and/or
immune cells in the TME was associated with worse OS (HR ¼ 1.46;
95% CI, 1.08–1.98; P ¼ 0.01; random-effect) consistent with results
from 11 of 15 included studies (39). In our propensity-score-matched
cohort, a limited analysis suggested that PD-L1 expression was not
associated with favorable prognosis in patients treated with chemor-
adiation that did not contain anti–PD-1/-L1.

We also explored tumor-cell expression of PD-L1 and its association
with response to pembrolizumab-containing chemoradiation.
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Although tumor-cell expression of PD-L1 is common in other tumor
types [e.g., frequency �50% in non–small cell lung cancer (NSCLC);
ref. 40], its frequency in gastroesophageal adenocarcinomas appears to
be lower at approximately 2% to 18% (2, 3, 41). PD-L1 expression in
tumor vs. surrounding immune cells in the TME may be regulated by
distinct mechanisms that differ over time and with regard to their
adaptive immune response and sensitivity to anti–PD-1/-L1 therapy
(13–16, 42).We first examined the TPS cut-off point of≥1% for PD-L1
expression because it is the only TPS cut-off point identified to date
that predicts clinical benefit from PD-1 blockade in esophageal
cancer (43). Only 16.7% (5/30) of patients in our study had PD-L1
TPS ≥ 1%, consistent with prior data (3). PD-L1 TPS ≥ 1% (vs. <1%)
was numerically, but not statistically, associatedwith a higher pCR rate
and longer PFS (2-year rates 75.0% vs. 44.5%; log–rank P¼ 0.154) and
OS (2-year rates 100.0% vs. 61.8%; log–rank P ¼ 0.126). In further
exploratory analysis, TPS at the cut-off point of 0 identified more
patients with PD-L1–expressing tumor cells and was significantly
associated with a higher frequency of PD-L1 expression in surround-
ing immune cells; TPS > 0 was significantly associated with longer
PFS. Small increments in PD-L1 TPS ranging from 0 to 100% were
associatedwith incrementally enhanced response rates in patients with
advanced NSCLC treated with pembrolizumab monotherapy (44).
Taken together, these findings suggest further research of PD-L1
expression on tumor cells may be warranted.

We further explored PD-L1–expressing EVs in plasma and their
association with expression of tissue PD-L1 and tumor response. To
our knowledge, these are the first data evaluating PD-L1–expressing
EVs in association with efficacy in solid tumor patients treated with
PD-1/-L1 blockade in a prospective trial. We did not observe a
significant difference in levels of PD-L1–expressing EVs in TMEs
with high vs. low levels of PD-L1 expression (CPS ≥ 10 vs. <10). Prior
studies indicate that exosomal PD-L1 levels are typically consistent
with the levels of PD-L1 expressed in their parental tumor
cells (17, 20, 45). Yet emerging evidence suggests that tumor cells
from some malignancies produce high levels of PD-L1–containing
exosomes, but are devoid of PD-L1 on the tumor cell surface, despite
expressing constitutively high levels of PD-L1mRNA (19). Recent data
indicate that PD-L1–expressing EVs may behave similarly as PD-L1–
expressing tumor cells in suppressing the activity of tumor-reactive
CD8þ T cells, suggesting the therapeutic potential for targeting high
PD-L1–expressing EVs with anti–PD-1 therapy (17). Since high PD-
L1CPS in the TME already identified responders, we exploredwhether
PD-L1–expressing EVs among patients with low PD-L1 CPS in the
TME could identify further responders.We found that, among tumors
with low PD-L1 expression (CPS < 10), a higher level of PD-L1–
expressing EVs was significantly associated with a higher pCR rate.
The positive association of PD-L1–expressing EVs with response in
tumors with CPS < 10 did not result from confounding by tumor-cell
expression of PD-L1, since the association remained significant when
limited to CPS < 10 tumors that had low (TPS <1%) or absent
expression (TPS 0) of PD-L1 in tumor cells. These data suggest that
measurement of PD-L1–expressing EVs may identify additional
responders to anti–PD-1–containing chemoradiation despite low
expression of PD-L1 in the TME, but further research is needed in
independent cohorts to confirm these findings.

In conclusion, this trial met the primary safety endpoint but not
the primary pCR endpoint. In patients with high PD-L1 expression
in the TME, our data suggest that incorporating anti–PD-1 therapy
into neoadjuvant chemoradiation and adjuvant treatment of GEJ
adenocarcinoma may improve pCR and survival. Further under-
standing primary immune resistance is an important area of

ongoing research, as response has been associated with low expres-
sion of co-inhibitory checkpoints (23). In addition, PD-L1 expres-
sion on EVs may identify further responders and warrants further
study. These data suggest the importance of examining baseline
expression of PD-L1 in the TME in ongoing and future curative-
intent studies of this approach.
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