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SUMMARY
This is a phase II study of PD-1 blockade plus chemoradiotherapy as preoperative therapy for patients with
locally advanced or borderline resectable pancreatic cancer (LAPC or BRPC, respectively). Twenty-nine pa-
tients are enrolled in the study. The objective response rate (ORR) is 60%, and the R0 resection rate is 90% (9/
10). The 12-month progression-free survival (PFS) rate and 12-month overall survival (OS) rate are 64% and
72%, respectively. Grade 3 or higher adverse events are anemia (8%), thrombocytopenia (8%), and jaundice
(8%). Circulating tumor DNA analysis reveals that patients with a >50% decline in maximal somatic variant
allelic frequency (maxVAF) between the first clinical evaluation and baseline have a longer survival outcome
and a higher response rate and surgical rate than those who are not. PD-1 blockade plus chemoradiotherapy
as preoperative therapy displays promising antitumor activity, and multiomics potential predictive bio-
markers are identified and warrant further verification.
INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignant

tumor with an overall 5-year survival rate of <10%.1 Research in-

dicates that PDAC may become the second leading cause of

cancer-related death by 2030.2 As PDAC is usually occult in

onset, its diagnosis is difficult; it is resectable in only 20% of

cases.3 Even after surgery, the 5-year survival is low, and the

recurrence rate is high, which are associated with surgical

margin status and postoperative pathological stage.4 Several

clinical trials have demonstrated that adjuvant therapy can pro-

long the survival of patients after resection.5,6 Meanwhile, R0

resection still appears relevant prognostic after pretreatment,

and various studies encourage neoadjuvant and induction ther-

apy that may increase the R0 resection rate and further improve

prognosis.7,8 The phase II LAPACT clinical trial demonstrated the

efficacy and safety of gemcitabine plus nab-paclitaxel (AG) as in-

duction therapy to enable locally advanced pancreatic cancer

(LAPC) to be surgically resectable.9 Compared with immediate
Cell R
This is an open access article under the CC BY-N
surgery, neoadjuvant AG for borderline resectable pancreatic

cancer (BRPC) significantly prolonged survival,10 and a system-

atic review and meta-analysis concluded that neoadjuvant

chemotherapy with AG was safe and effective in patients with

BRPC and LAPC.11

Abundant chemoradiotherapy regimens have been explored

in the hope of improving survival. A phase II study observed

that patients with LAPC treated with stereotactic body radio-

therapy (SBRT) followed by FOLFIRINOX had an unexpectedly

high resectability rate compared with that in the non-SBRT

group.12 In the PREOPANC trial, compared with those in the

immediate surgery group, neoadjuvant chemoradiotherapy

improved the disease-free survival (DFS) and R0 resection rate

of patients with BRPC.8 Furthermore, intraoperative radio-

therapy (IORT) is reportedly well tolerated without causing any

serious postoperative complications.13

Immunotherapy is also not a routine treatment option for

PDAC owing to the low tumor mutational burden (TMB) and

typical characteristics of ‘‘cold’’ tumors, and the combination
eports Medicine 4, 100972, March 21, 2023 ª 2023 The Authors. 1
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of neoadjuvant chemotherapy or chemoradiation and cancer

vaccine has shown no optimistic clinical benefit.14,15 Immune

checkpoint inhibitors (ICIs) applied as monotherapies, such as

PD-1 blockade, have not yielded clinical improvement.16 How-

ever, the combination of immunotherapy and radiotherapy ap-

peared to significantly improve treatment efficiency.17 A patient

with LAPC achieved near-pathologic complete response (pCR)

after the combination of pembrolizumab and radiation therapy.18

Moreover, the result of the CheckPAC clinical trial showed that

SBRT plus nivolumab and ipilimumab was a promising therapy

for patients with metastatic pancreatic cancer.19

Given the successful regimens and promising ongoing clinical

trials, we aimed to conduct a clinical trial combining PD-1

blockade with chemoradiotherapy as preoperative therapy for

patients with LAPC and BRPC for improving the resection rate

and prolonging the survival outcome. Additionally, we sought

to investigate some peripheral blood- and tumor-specific bio-

markers for predicting the prognostic outcome and disease

monitoring.

RESULTS

Study flow
Between May 2020 and October 2021, 29 patients with LAPC or

BRPC were enrolled. Until the last follow-up time (November 30,

2022), 25 of them included in the intention-to-treat (ITT) analysis

who completed at least two cycles of tislelizumab plus AG and

underwent concurrent radiotherapy. In the ITT populations,

one patient died after three cycles of treatment, which was not

related to the treatment drugs. Twelve patients exhibited surgi-

cal indications after the treatment, but two patients refused sur-

gery for personal reasons. Finally, ten patients received surgical

resection, while two of them exhibited disease progression after

surgery. A flowchart of the enrolled patients is shown in Fig-

ure 1A. At least two cycles of adjuvant therapy with a combina-

tion of tislelizumab and AG chemotherapy were administrated

1 month after the operation. The treatment scheme was altered

for eight patients owing to disease progression (PD) during the

preoperative treatment. Themain inclusion and exclusion criteria

are listed in Table 1, and the timeline of the treatment is shown in

Figure 1B.

Characteristics of the patients
The detailed baseline demographics of the enrolled patients are

presented in Table 2. The median age of patients was 62 (range:

40–75) years, comprising six women (24%). The Eastern Coop-

erative Oncology Group (ECOG) score of the patients was 0–1.

All patients were diagnosed with BRPC (40%) or LAPC (60%).

Pancreas head/uncinate (n = 13, 52%) was the most common

primary tumor site, followed by body/tail (n = 8, 32%) and neck

(n = 4, 16%).

Treatment response
Treatment efficacy was evaluated every two cycles of the preop-

erative therapy based on the investigator’s assessment using

RECIST 1.1. Among the patients who had completed at least

one clinical response evaluation, 15 patients (60%) had a best

response of partial response (PR) and 10 (40%) had stable dis-
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ease (SD). The objective response rate (ORR) was 60% (95%

confidence interval [CI]: 38.7%–78.9%), and the disease control

rate (DCR) was 100%. The best changes compared with the

baseline tumor size are shown in Figure 2A, and the overall treat-

ment results are presented using swimmer charts in Figure 2B.

Survival and subgroup analyses
At the last follow up (November 30, 2022), six patients had died

from PD, and three patients died from non-tumorous diseases

not related to treatment drugs. The median follow up and pro-

gression-free survival (PFS) were 23.9 (95% CI: 18.4–27.3) and

13.7 (95% CI: 11.7–NR) months, respectively, whereas median

OS was not reached. The 12-month OS and PFS rates were

72% (95% CI: 56.3%–91.9%) and 64% (95% CI: 47.6%–

85.8%), respectively (Figures 2C and 2D). No significant associ-

ation was observed in survival outcomes in BRPC and LAPC

groups (PFS, hazard ratio [HR], 0.54; 95% CI: 0.21–1.41; p =

0.24; Figure 2E; OS, HR, 0.28; 95%CI: 0.09–0.84; p = 0.068; Fig-

ure 2F). The medium PFS (mPFS) was 28.23 months in patients

with R0 resection vs. 10.62 months in patients with R1 resection

or without surgery (HR, 0.38; 95% CI: 0.14–0.98; p = 0.073; Fig-

ure 2G). The mOS was not reached in patients with R0 resection

vs. 13.12months in patients with R1 resection or without surgery

(HR, 0.11; 95% CI: 0.04–0.34; p = 0.011; Figure 2H).

Toxicities
Hematological and non-hematological toxicities during initial

preoperative therapy are summarized in Table 3. We did not

observe any grade 5 adverse events (AEs) in our study. The

most common grade 3–4 hematological and non-hematological

toxicities were anemia (8%), thrombocytopenia (8%), and jaun-

dice (8%), respectively. There were no serious immune-related

AEs such as autoimmune myocarditis, pneumonitis, and so on.

Conversion surgery and postoperative complications
Surgical resection

Pancreatoduodenectomy, distal pancreatectomy, and total

pancreatectomy were performed in five, one, and four patients,

respectively. En bloc vascular resection was required in seven

patients, with venous resections in six and combined venous/

arterial resections in one. The median operative time and

estimated blood loss (EBL) were 528 min and 1,170 mL,

respectively.

Pathologic evaluation

All tumors have been completely enclosed by pathologists.

Regional lymph node metastases were identified in one patient.

Negative (R0) margin resection was achieved in nine patients.

Two of the ten patients achieved pCR, whereas one patient

achieved major pathological response (MPR). The patient who

received R1 resection was found to exhibit a poor response.

Perioperative complications

We found that postoperative complications developed in eight

patients, with four patients experiencing major complications

(Clavien-Dindo classification R 3). Pancreas-specific complica-

tions included postoperative infectious complications (POICs),

postoperative pancreatic fistula (POPF), and chyle leak in four,

two, and two patients, respectively. We did not observe any de-

layed gastric emptying (DGE), postpancreatectomy hemorrhage



Figure 1. Study design

(A) Flowchart of the enrolled patients.

(B) Timeline of the treatment.

Article
ll

OPEN ACCESS
(PPH), and bile leakage. Themedian length of postoperative stay

was 22.5 days, with one patient requiring subsequent 90-day re-

admissions. The overall 90-daymortality rate was 0. The surgical

outcomes of the patients are summarized in Table S1.

Association between peripheral blood biomarkers and

tumor response

In the prespecified exploratory analysis, we first assessed

the correlation between clinical response and peripheral blood
biomarkers that are associated with response to immuno-

therapy. Reportedly, elevated peripheral blood eosinophil

counts (PBECs) are associated with a better response during

immunotherapy for metastatic triple-negative breast cancer.20

Therefore, we intended to explore the association between

changes in PBECs during treatment and the clinical response.

Survival analysis revealed a statistically significant association

between elevated PBECs during treatment and longer survival
Cell Reports Medicine 4, 100972, March 21, 2023 3



Table 1. Inclusion and exclusion criteria of enrolled patients

Inclusion criteria Exclusion criteria

(1) Subjects with age R 18 years and ECOG score of 0–1

(2) subjects with pancreatic cancer confirmed by

histology or cytology

(3) The patients with potentially resectable pancreatic

cancer were imaged

4) The subjects should meet the following hematological

indexes: neutrophil count R 1.5 * 10̂ 9/L, hemoglobin

R 10 g/dL, platelet count R 100 * 10̂ 9/L

(5) The subjects should meet the following biochemical

indicators: total bilirubin % 1.5* ULN; AST and ALT

< 1.5* ULN; creatinine clearance rate R 60 mL/min

(6) Subjects of childbearing age need to take appropriate

protective measures (contraceptive measures or other

methods of birth control) before entering the group

and during the test

(7) Subjects who have signed informed consent

(8) Subjects who were able to follow the protocol

and follow-up procedures

(1) patients who have received systematic antitumor treatment

(2) patients with previous history of other tumors, except for

cervical cancer in situ, treated squamous cell carcinoma or bladder

epithelial tumor (TA and TIS), or other malignant tumors that have

received radical treatment (at least 5 years before enrollment)

(3) patients with active bacterial or fungal infection

(R level 2 of NCI-CTC, 3rd Edition)

(4) patients with HIV, HCV, or HBV infection, uncontrollable coronary

artery disease or asthma, uncontrollable cerebrovascular disease,

or other diseases considered by researchers to be out of the group

(5) patients with autoimmune diseases or immune defects who are

treated with immunosuppressive drugs

(6) pregnant and lactating women; pregnant women of childbearing age

must test negative within 7 days before entering the group

(7) patients with drug abuse or clinical or psychological or social factors

that make informed consent or research implementation affected

(8) patients who may be allergic to PD-1 monoclonal antibody

immunotherapy drugs
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outcome. The mPFS was 19 months in patients with elevated

PBECs vs. 10.18 months in patients with declined PBECs (HR,

0.48; 95% CI: 0.15–1.56; p = 0.13; Figure 3A). The mOS was

not reached in patients with elevated PBECs vs. 19.63 months

in patients with declined PBECs (HR, 0.65; 95% CI: 0.20–2.16;
Table 2. Baseline characteristic of patients

Characteristic n=25

Median age, years (range) 62 (40,75)

Sex, n (%)

Male 19 (76)

Female 6 (24)

ECOG PS score, n (%)

0 19 (76)

1 6 (24)

Tumor location, n (%)

Head/uncinate 13 (52)

Neck 4 (16)

Body/tail 8 (32)

Tumor type, n (%)

BRPC 10 (40)

LAPC 15 (60)

Baseline CA19-9, n (%)

%27 U/mL, normal 6 (24)

R27 U/mL, elevated 19 (76)

Vascular involvement, n (%)

Arterial alone 6 (24)

Venous alone 10 (40)

Arterial + venous 9 (36)

ECOG PS, Eastern Cooperative Oncology Group Performance Status;

BRPC, Borderline Resectable Pancreatic Cancer; LAPC, Locally

Advanced Pancreatic Cancer; CA19-9, Carbohydrate Antigen 19-9.
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p = 0.45; Figure 3B). These findings support the predictive role

of elevated PBECs in immunotherapy-based preoperative ther-

apy for pancreatic cancer.

A high neutrophil-to-lymphocyte ratio (NLR) and platelet-to-

lymphocyte ratio (PLR) in the baseline aremarkers of host inflam-

mation and are associated with worse survival outcomes in

immunotherapy for several tumors21,22 but have not yet been

extensively analyzed in pancreatic cancer. Thus, we investigated

whether high baseline NLR or PLR was associated with clinical

response in our study. We observed no significant differences

in either survival outcomes or clinical response in high baseline

NLR or PLR (Figures S1A–S1F). This result highlighted the het-

erogeneity of pancreatic cancer compared with that of other

solid tumors.

Association between CA19-9 decline and tumor

response

As a predictor biomarker, CA19-9 is the best-validated

biomarker and an indicator of aberrant glycosylation in pancre-

atic cancer.23 Normal baseline CA19-9 and declined CA-19-9

levels are associated with long-term survival in pancreatic can-

cer. We found that CA19-9 levels decreased after two cycles

of treatment in all treated patients. Furthermore, changes in

CA19-9 levels at baseline and after four treatment cycles

showed a better PFS and OS trend but were not statistically sig-

nificant (PFS: HR, 0.35, 95% CI: 0.06–2.26; declined vs.

elevated: 14.07 vs. 6.1 months; p = 0.085; OS: HR, 0.42, 95%

CI: 0.07–2.35; declined vs. elevated: 19.63 vs. 11.5 months;

p = 0.18; Figures 3C and 3D). Notably, continuous CA19-9

decline during four treatment cycles was associated with

improved survival outcomes and clinical response in our study.

Patients with continuous CA19-9 decline did not reach mOS,

whereas those without continuous CA19-9 decline reached a

mOS of 11.5 months (HR, 0.18; 95% CI: 0.05–0.72; p =

0.0018), and patients with continuous CA19-9 decline reached

a mPFS of 20.03 vs. 8.87 months in patients without continuous

CA19-9 decline (HR, 0.28; 95% CI: 0.08–1; p = 0.0068).



Figure 2. Treatment response and survival analysis

(A) Best percentage change from baseline on the basis of radiologic response.

(B) Duration of responses of patients in the ITT population. The length of each bar represents the duration of treatment of each patient.

(C and D) The Kaplan-Meier curves of (C) PFS and (D) OS in all enrolled patients.

(E and F) The Kaplan-Meier curves of (E) PFS and (F) OS stratified by tumor type.

(G and H) The Kaplan-Meier curves of (G) PFS and (H) OS stratified by surgical margin.

PR, partial response; SD, stable disease; PD, disease progression; EOT, end of treatment; OS, overall survival; PFS, progression-free survival; BRPC, borderline

resectable pancreatic cancer; LAPC, locally advanced pancreatic cancer.
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Concurrently, the ORR was 78.6% [11/14] vs. 28.6% [2/7]; p =

0.055) for these two groups. Moreover, continuous CA19-9

decline significantly improved the R0 resection rate after NAT

(64.2% [9/14] vs. 0% [0/7]; p = 0.0071) (Figures 3E–3H).
Table 3. Summary of adverse events

Toxicities Grade 1 (%)Grade 2 (%)Grade 3 (%)Grade 4 (%)

Hematologic toxicities

Anemia 8 (32) 12 (48) 2 (8) 0 (0)

Leukopenia 6 (24) 9 (36) 0 (0) 1 (4)

Neutropenia 5 (20) 5 (20) 0 (0) 0 (0)

Thrombocytopenia8 (32) 3 (12) 1 (4) 1 (4)

Nonhematologic toxicities

ALT[ 9 (36) 5 (20) 2 (8) 0 (0)

AST[ 5 (20) 5 (20) 2 (8) 0 (0)

Jaundice 1 (4) 1 (4) 2 (8) 0 (0)

Nausea 4 (16) 0 (0) 0 (0) 0 (0)

Anorexia 6 (24) 0 (0) 0 (0) 0 (0)

Vomiting 2 (8) 2 (8) 0 (0) 0 (0)

Diarrhea 0 (0) 1 (4) 0 (0) 0 (0)

Rash: Dermatitis 2 (8) 1 (4) 0 (0) 0 (0)

Hyperthyroidism 0 (0) 0 (0) 0 (0) 0 (0)

Pneumonia 0 (0) 0 (0) 0 (0) 0 (0)

ALT, alanine aminotransferase; AST, aspartate aminotransferase.
Association between serial ctDNA dynamic changes and

tumor response

We assessed serial circulating tumor DNA (ctDNA) dynamic

changes in predicting tumor responses and survival outcomes

by performing next-generation sequencing testing on 539 genes.

Patients with a decline in maximal somatic variant allelic fre-

quency (maxVAF) between the first clinical evaluation (T2 [two

cycles after therapy]) and baseline (T1) were assessed. We

observed a better survival benefit trend without statistically

significant association in the decline and non-decline groups

(PFS: HR, 0.46, 95% CI: 0.16–1.33; decline vs. non-decline

groups: 20.03 vs. 10.18 months, p = 0.11; OS: HR, 0.39, 95%

CI: 0.13–1.22; decline vs. non-decline groups: not reached vs.

15.57 months, p = 0.11; ORR: 75% vs. 41.7%, p = 0.21)

(Figures 4A–4C). Furthermore, patients with a >50% decline in

maxVAF between T2 and T1 had longer survival outcomes and

higher response rates than those who did not (PFS: HR, 0.33,

95% CI: 0.12–0.89; decline vs. non-decline groups: 20.03 vs.

10.32 months, p = 0.024; OS: HR, 0.21, 95% CI: 0.07–0.65;

decline vs. non-decline groups: not reached vs. 13.47 months,

p = 0.024; ORR: 90% vs. 35.7%, p = 0.013) (Figures 4D–4F).

Moreover, maxVAF decline (T1-T2, >50%) significantly improved

the surgical rate after preoperative theapy (70% vs. 21.4%; p =

0.035) (Figure 4G). Notably, no statistically significant difference

was observed between the maxVAF decline (T1-T2, >50%) and

MPR beneficiaries (42.9% vs. 0%; p = 0.48) (Figure 4H). To

reduce the impact between extremely low or negative baseline
Cell Reports Medicine 4, 100972, March 21, 2023 5



Figure 3. Association between peripheral blood biomarkers and treatment response

(A and B) The Kaplan-Meier curves of (A) PFS and (B) OS of patients stratified by PBEC (declined vs. elevated).

(C and D) The Kaplan-Meier curves of (C) PFS and (D) OS of patients stratified by CA19-9 change between baseline and after four treatment cycles (decline vs.

elevated).

(E and F) The Kaplan-Meier curves of (E) PFS and (F) OS of patients stratified by CA19-9 decline from baseline, two treatment cycles, and four treatment cycles

(continuous decline vs. non-continuous decline).

(G) Clinical response of patients stratified by CA19-9 decline from baseline, two treatment cycles, and four treatment cycles (continuous decline vs. non-

continuous decline).

(H) Surgery margin of the patients stratified by CA19-9 decline from baseline, two treatment cycles, and four treatment cycles (continuous decline vs. non-

continuous decline).
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ctDNA status and maxVAF change, VAFmean was also applied

to investigate the correlation between VAF changes and patient

outcomes. The results showed that patients with a >50%decline

in VAFmean between T2 and T1 also demonstrated a signifi-

cantly longer PFS (28.2 vs. 11.7 months; HR = 0.38; p = 0.048)

and a trend for longer OS (not reached vs. 13.7 months; HR =

0.27; p = 0.058) (Figures S2A–S2D). Interestingly, we found

that four patients harbored ctDNA clearance after T2, and pa-

tients with ctDNA clearance demonstrated a significantly pro-

longed PFS and OS (28.2 vs. 12.3 months; HR = 0.18; p =

0.036) and a longer OS (not reached vs. 19 months; HR = 0.27;

p = 0.049) (Figures S2E and S2F). We further investigated the

changes in maxVAF between the second clinical evaluation (T3

[four cycles after therapy]) and baseline. No association was

observed in the PFS or ORR in the decline and non-decline

groups (Figures S3A–S3F).

The baseline genetic alterations in the cohort are depicted in

Figure S4A, and the average number of genomic alterations

was 1.5 mutations in each patient. KRAS was the most

frequently altered gene, occurring in 12 (50%) patients with a

missense mutation, followed by TP53 (30%). We found that no

association was observed between the TMB-high and -low
6 Cell Reports Medicine 4, 100972, March 21, 2023
groups (mPFS: HR, 1.07, 95% CI: 0.39–2.91; high vs. low:

13.70 vs. 13.83 months; p = 0.9). Similarly, the baseline mVAF

(mPFS: HR, 0.49, 95% CI: 0.18–1.31; mVAF > 1% vs. < 1%:

28.23 vs. 13 months; p = 0.14) and KRAS mutation status in

PFS (HR, 1.27, 95% CI: 0.48–3.38; mutation vs. wild type:

13.35 vs. 14.67 months; p = 0.62) did not exhibit any association

(Figures S4B–S4D).

Comparison of clinical features and biomarker changes

in patients with resectable vs. unresectable cancer

Owing to the poor prognosis of patients with inoperable pancre-

atic cancer, one of the goals of preoperative therapy is to in-

crease the surgical rate. Thus, we compared the clinical features

and biomarker changes in patients stratified by the eligibility for

resection after preoperative therapy. Baseline characteristics for

patients with resectable and unresectable cancer were similar

for age (median values: 60.4 vs. 60.1 years; p = 0.93; Figure S5A)

and the longest tumor diameter (median values: 38.8 vs.

34.6mm; p = 0.36; Figure S5B). Compared with patients with un-

resectable cancer, patients with resectable cancer exhibited a

greater response in decreasing the size of the longest tumor

diameter from baseline to after four cycles of preoperative

therapy (�40.32% vs. �14.39%; p = 0.0012; Figure S5C).



Figure 4. ctDNA dynamics and correlation with treatment response

(A and B) The Kaplan-Meier curves of (A) PFS and (B) OS of patients stratified by change of ctDNA (T1-T2 mVAF decline vs. non-decline).

(C) Treatment response of patients stratified by change of ctDNA (T1-T2 mVAF decline vs. non-decline).

(D and E) The Kaplan-Meier curves of (D) PFS and (E) OS of patients stratified by decline of ctDNA (T1-T2 mVAF > 50% vs. < 50%).

(F) Treatment response of patients stratified by decline of ctDNA (T1-T2 mVAF > 50% vs. < 50%).

(G and H) Clinical outcome (G) and postoperation pathological stage (H) of the patients stratified by decline of ctDNA (T1-T2 mVAF > 50% vs. < 50%).

ctDNA, circulating tumor DNA; T1, baseline; T2, two cycles after therapy; mVAF, maximal somatic variant allelic frequency; PR, partial response; SD, stable

disease; MPR, major pathological response.
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Additionally, the proportion of patients with BRPC who became

resectable after preoperative therapy was higher than in those

with unresectable patients (66.7% vs. 15.3%, p = 0.041; Fig-

ure S5D). Moreover, resectable participants compared with

non-resectable patients had greater response in maxVAF

decline (T1-T2 > 50% maxVAF decline, 63.6% vs. 16.7%, p =

0.036; Figure S5E) and CA19-9 change (continuous CA19-9

decline, 100% vs. 45.4%; p = 0.012; Figure S5F).

DISCUSSION

This single-arm, phase II trial was designed to examine the

efficacy and safety of PD-1 inhibitors in combination with

chemotherapy and concurrent SBRT in patients with LAPC and

BRPC. Neoadjuvant and induction therapy are being increas-

ingly applied for LAPC and BRPC, with higher resection rates

and better tumor responses.24 At the 2022 American Society

of Clinical Oncology (ASCO) Annual Meeting, data of the

AIO-NEONAX trial indicated improved survival and R0 resection

rate in patients treated with perioperative chemotherapy

compared with adjuvant therapy, respectively.25 However, the

role of neoadjuvant radiotherapy remains uncertain. Upon

comparing neoadjuvant chemoradiotherapy vs. chemotherapy

in patients with LAPC or BRPC, a study found that preoperative

chemoradiotherapy was associated with improved treatment

response and increased survival.26 Furthermore, data of
the PREOPANC trial, a multicenter randomized clinical trial,

concluded that there is no significant difference in the incidence

of surgical complications or mortality in patients who received

preoperative chemoradiotherapy or underwent surgery immedi-

ately. Preoperative chemoradiotherapy has even been found to

reduce the rate of POPF.27

Recently, immunotherapy is of great interest in cancer treat-

ment. Although single-agent PD-1 inhibitor is yet to show a sub-

stantial clinical benefit in PDAC treatment, PD-1 blockade plus

chemotherapy or radiotherapy provides various options for

treating patients with BRPC, LAPC,18 or metastatic PDAC.19 In

a melanoma mouse model, the combination of radiation and

ICI resulted in higher response rates and improved survival.28

Tislelizumab combined with chemotherapy as neoadjuvant ther-

apy has shown promising efficacy in esophageal squamous cell

carcinoma29 and locally advanced gastric/gastroesophageal

junction cancer.30 Radiotherapy or chemotherapy can upregu-

late PD-L1 expression,31 thereby giving rise to a mode of treat-

ment. Our study is a prospective evaluation to demonstrate the

clinical benefit and safety of preoperative therapy that combined

chemoradiotherapy and PD-1 inhibitor in patients with LAPC or

BRPC. Our data revealed that this regimen was potentially effec-

tive, which contributed to superior ORR and outstanding R0

resection rates without serious adverse reactions or postopera-

tive complications. The incidence of pCR is higher in our study

(20%) than in patients with LAPC or BRPC treated with
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neoadjuvant chemoradiation (10%),32 which may be an effect of

the immunotherapy plus a high radiation dose, and more sam-

ples are required to demonstrate the correlation.

To the best of our knowledge, no effective predictive bio-

markers have been identified for pancreatic cancer therapy;

neither PD-L1 expression nor TMB has been verified to predict

the response to immunochemotherapy.33,34 CA19-9 is the

best-validated predictor biomarker and an indicator of aberrant

glycosylation in pancreatic cancer. In our study, continuous

CA19-9 decline during four treatment cycles was associated

with superior survival outcomes and clinical response,

providing a viable predictive biomarker. Additionally, one of

the significant findings in our study was that elevated PBEC

was associated with clinical benefits in survival benefits and

tumor response. Eosinophils influence the function of other leu-

kocytes by expressing major histocompatibility complex class

II costimulatory molecules, releasing cytokines, and stimulating

T cell proliferation.24 Moreover, eosinophils secrete chemo-

kines, such as CCL5, CXCL9, and CXCL10, that attract CD8+

T cells into the tumor.35,36 These are all possible reasons for

the increase in eosinophil levels during treatment to be associ-

ated with better clinical benefits. Notably, a positive association

between eosinophil invasion of tumor tissue or an increase in

PBEC and superior response to ICIs in several types of cancer

has been reported.20,37 Although the underlying mechanism is

not fully understood, there is strong evidence that eosinophils

exhibit antitumor effects. Thus, eosinophils affect the immune

response to diseases such as cancer, and predictive bio-

markers that reflect this inflammatory response to treatment

may be useful for clinical decision-making in the management

of patients with cancer.

Genomic features are believed to hold great potential to pre-

dict tumor response to cancer therapy. A large sample analysis

has demonstrated that ctDNA may be a feasible biomarker for

various solid tumor types.38 Moreover, ctDNA could provide lon-

gitudinal and dynamic surveillance of the tumor-specific genetic

characteristics without having to repeatedly perform invasive

tumor biopsies that cost more time and money.39 In our study,

serial ctDNA dynamic changes in predicting tumor responses

and survival outcomes revealed that patients with a >50%

decline in maxVAF between the first clinical evaluation and

baseline had longer survival outcomes and higher response

rates than those who did not. Additionally, maxVAF decline

significantly improved the surgical rate after preoperative ther-

apy. This rapid decline in the maxVAF of ctDNA-positive pa-

tients from baseline to postchemoradiation reflects the substan-

tial downstaging achieved with induction treatment. Consistent

with some studies, ctDNA has potential value in predicting

immunotherapy efficacy in patients with non-small cell lung can-

cer28 and gastric cancer40; it may be an accurate dynamic

biomarker reflecting real-time tumor volume.

In summary, this is a prospective clinical trial that adopts a

regimen of preoperative therapy for patients with BRPC or

LAPC. The findings of this trial demonstrate the effectiveness

and safety of the combination of PD-1 inhibitors and neoadjuvant

chemoradiotherapy. It shows the potential of this treatment in

improving the R0 resection rate without causing serious postop-

erative complications.
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Limitations of the study
This study has some limitations. This is a single-arm study lack-

ing a comparator treatment arm so that selection bias could not

be ruled out. Furthermore, the small sample size and relatively

short follow-up time reduced the certainty of effectiveness

observed and restricted the interpretation of definite conclu-

sions. In addition, most enrolled patients only had endoscopic

ultrasound fine-needle aspiration (EUS-FNA) for diagnosis so

therewere not enough tissue samples for immunohistochemistry

(IHC) to evaluate microsatellite instability/mismatch repair

deficiency (MSI/dMMR) status and expression of PD-L1, which

restricted us to analyze the association between these bio-

markers and the benefits of our induction therapy. We did not

conduct exploratory analyses on the resected specimens to

evaluate the effect of preoperative therapy on the tumor micro-

environment given the small sample size of resected patients.

The study data aided in interpreting the treatment effect; never-

theless, further research on the elucidation of the underlying

mechanisms is necessary.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Human subject

d METHOD DETAILS

B Study design and patients

B Treatment

B Endpoints and assessments

B Peripheral blood biomarker collection and evaluation

B ctDNA sequencing and bioinformatics analysis

d QUANTIFICATION AND STATISTICAL ANALYSIS

d ADDITIONAL RESOURCES

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.

xcrm.2023.100972.

ACKNOWLEDGMENTS

We gratefully thank the patients and their families for participating in this study.

We thank Fan Tong for collection of the data. This study was funded by Na-

tional Key Research and Development Program of China (2020YFA0713804)

and Special Fund of Health Science and Technology Development of Nanjing

(YKK20080).

AUTHOR CONTRIBUTIONS

D.J., C.L., and L.M. have contributed equally to this work. J.D., B.L., Y.Q., and

L.W. were responsible for the design of the project and writing articles. D.J.,

C.L., and L.M. were responsible for all data sorting and writing articles. Y.Z.,

K.W., S.S., and X.Q. were involved in the diagnosis and the instruction of the

treatment. M.T., J.H., and A.L. were responsible for imaging evaluation.

https://doi.org/10.1016/j.xcrm.2023.100972
https://doi.org/10.1016/j.xcrm.2023.100972


Article
ll

OPEN ACCESS
S.B., H.C., and G.L. were responsible for surgery. J.C. and Q.L. were respon-

sible for pathological evaluation. Q.X., Q.G., D.C., C.Q., and Y.S. were respon-

sible for sample sequencing and data analysis. All authors have agreed to the

final version of the manuscript.

DECLARATION OF INTERESTS

D.C., Y.S., and C.Q. were employed by Jiangsu Simcere Diagnostics Co., Ltd.

INCLUSION AND DIVERSITY

We support inclusive, diverse, and equitable conduct of research.

Received: October 24, 2022

Revised: December 8, 2022

Accepted: February 14, 2023

Published: March 7, 2023

REFERENCES

1. Siegel, R.L., Miller, K.D., and Jemal, A. (2020). Cancer statistics, 2020. CA.

Cancer J. Clin. 70, 7–30. https://doi.org/10.3322/caac.21590.

2. Rahib, L., Smith, B.D., Aizenberg, R., Rosenzweig, A.B., Fleshman, J.M.,

and Matrisian, L.M. (2014). Projecting cancer incidence and deaths to

2030: the unexpected burden of thyroid, liver, and pancreas cancers in

the United States. Cancer Res. 74, 2913–2921. https://doi.org/10.1158/

0008-5472.CAN-14-0155.

3. Barugola, G., Partelli, S., Marcucci, S., Sartori, N., Capelli, P., Bassi, C.,

Pederzoli, P., and Falconi, M. (2009). Resectable pancreatic cancer:

who really benefits from resection? Ann. Surg Oncol. 16, 3316–3322.

https://doi.org/10.1245/s10434-009-0670-7.

4. Kimura, K., Amano, R., Nakata, B., Yamazoe, S., Hirata, K., Murata, A.,

Miura, K., Nishio, K., Hirakawa, T., Ohira,M., andHirakawa, K. (2014). Clin-

ical and pathological features of five-year survivors after pancreatectomy

for pancreatic adenocarcinoma.World J. Surg. Oncol. 12, 360. https://doi.

org/10.1186/1477-7819-12-360.

5. Conroy, T., Hammel, P., Hebbar, M., Ben Abdelghani, M., Wei, A.C., Raoul,
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d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subject
Chinese adults with histologically confirmed locally advanced pancreatic cancer or borderline resectable pancreatic cancer were

enrolled in the study. Demographic information along with the key inclusion criteria and exclusion criteria were provided. To deter-

mine the sample size for this clinical trial, ORR improvement with standard of care chemotherapy was assumed and estimated. In this

study, 29 treatment-naive patients were enrolled and 25 of them were analyzed, comprising six female (24.0%). The Eastern Coop-

erative Oncology Group (ECOG) score of the patients was 0 (76%) and 1 (24%). All patients providedwritten informed consent prior to

enrollment. The study was performed per the Declaration of Helsinki and was reviewed and approved by the Medical Ethics Com-

mittee of Drum Tower Hospital Affiliated to Nanjing University Medical School (2020-088-01).

METHOD DETAILS

Study design and patients
This is a phase II, single-arm, prospective study of PD-1 inhibitor plus chemotherapy and concurrent SBRT as preoperative therapy

for patients with LAPC or BRPC between May 2020 and October 2021 at the Nanjing Drum Tower Hospital, the Affiliated Hospital of
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Nanjing University Medical School. The patients were screened within one week before the initial treatment, and all the patients

involved in this study provided written informed consent. The protocol of the study has already been published.41

Treatment
Patients who met the inclusion criteria received two treatment cycles of PD-1 inhibitor plus chemotherapy firstly. Briefly, each cycle

lasted for 3 weeks, including gemcitabine (1000 mg/m2) and nab-paclitaxel (125 mg/m2) administered intravenously (IV) on days 1

and 8, with tislelizumab (200 mg) IV on day 1. After two cycles of treatment, an imaging examination was performed to assess the

prognosis, and patients without PD received SBRT with SIB (high dose field: 50 Gy/10 fractions; the remainder: 30 Gy/10 fractions)

during the third cycle. On completion of four cycles of treatment and radiotherapy, multiple disciplinary team (MDT), comprisingmed-

ical oncologists, pancreatic surgeons, gastroenterologists, radiologists, pathologists et al., would reassess the surgical possibility

according to NCCN Version 2.202142 for resection following neoadjuvant therapy, including imaging checkups, positron emission

computed tomography (PET-CT), changes in tumor markers, and the health status of patients. Patients whose CA19-9 was stable

or decreased and radiographic findings didn’t demonstrate clear progression, or the standardized uptake value (SUV)max parameter

of the lesion decreased in PET-CT, were eligible for resection. Adjuvant therapy including a combination of tislelizumab and AG was

administered in at most four cycles after resection according to the patient’s physical condition. Patients who were not suitable for

surgery continued the treatment until investigator-assessed PD, unacceptable toxicity, withdrawal of consent, investigator decision,

or study completion.

Endpoints and assessments
The primary endpoint was the R0 resection rate and ORR. Resection status (R0, R1, or R2) is graded according to institutional guide-

lines. ORR in this trial refers to the best overall response during four courses of the preoperative therapy which was calculated as

complete response (CR) rate plus partial response (PR) rate under CT according to RECIST 1.1.43 CR was defined as total tumor

regression, while PR was defined as greater than 30% reduction. And DCR was defined as the proportion of patients with CR, PR

and SD The secondary objectives included safety, median overall survival (mOS), median progression-free survival (mPFS), and

postoperative pathological stage. OS is defined as the time from the date of enrollment to the date of death owing to any cause.

PFS is defined as the time from initial treatment to the first evidence of PD based on RECIST 1.1 or disease-related death. Two in-

dividual pathologists blinded to the clinical outcome assessed the tumor response. MPR defined as 90%–99% tumor necrosis in

resected tissue and pCR defined as no residual cancer cells in the resected tissue. Adverse events (AEs) were evaluated according

to Adverse Events (CTCAE) version5. Clavien–Dindo classification was applied for postoperative complications, with major compli-

cations defined as grade R III.44 CR-POPF (Grade B/C), biliary leakage (BL), chylous fistula, delayed gastric emptying (DGE), and

post-pancreatectomy hemorrhage (PPH) were diagnosed according to the International Study Group of Pancreatic Surgery

(ISGPS).45–47 Wound infection, intra-abdominal infection, bacteremia, pneumonia and urinary tract infection were all included.

Multiomics biomarkers associated with clinical response were assessed as exploratory objectives.

Peripheral blood biomarker collection and evaluation
According to the protocol designs, peripheral blood biomarkers were measured at baseline and before each cycle of treatment. Pe-

ripheral neutrophil, lymphocyte, thrombocyte, and PBECs and carbohydrate antigen 19-9 (CA19-9) levels were measured. NLR was

calculated by division of absolute neutrophil and lymphocyte counts, while PLR was calculated by division of thrombocyte and

lymphocyte counts. Patients with normal baseline CA19-9 levels (<27 U/mL) were excluded from the CA19-9 response evaluation

because they were less likely to exhibit a significant decline in CA19-9 levels. In addition, if the CA19-9 value was greater than

27 U/mL at any time point, the patient was included in the analysis.

ctDNA sequencing and bioinformatics analysis
Plasma samples were collected at the following time points: before preoperative therapy (baseline), two cycles after the initiation of

preoperative therapy, 4 cycles after preoperative therapy or before surgery (preop), and within 1 month after surgery (postop) or at

time of progression. For each sample, 10 mL of peripheral (intravenous) blood was collected and stored in a 10 mL BD EDTA-K2

anticoagulation tube. Double centrifugation was applied to eliminate leukocyte contamination. Plasma was isolated within 2 h by

centrifugation (1200g, 15 min), and then the collected plasma was removed into a 1.5 mL low-adsorption centrifuge tube (Eppendorf

DNA Lobind tube, 12000g, 10 min).

A total of 86 dynamic plasma samples and 25 leukocyte germline control samples were collected and subjected to panel

sequencing of 539 cancer-related genes. The 539-gene panel includes genes associated with targeted medicines approved by

Food and Drug Administration (FDA) or recommended by the NCCN guideline, genes involved in the major signaling pathways regu-

lating cancer cell survival and proliferation, and potential cancer driver genes. Clonal hematopoiesis of indeterminate potential (CHIP)

interference variants could be distinguished and excluded using the paired whole-blood control first. ctDNA positive is defined as

detectable somatic mutations, we tracked the dynamic change of the mutation with the highest variant allele frequency (maxVAF)

at baseline and predefined points in each patient. maxVAF change is defined as the change in maxVAF during the treatment, calcu-

lated by subtracting maxVAF at baseline from maxVAF at different points. Also, VAFmean is defined as the mean of the VAF(s) of

somatic mutated genes in each patient. VAFmean change is defined as the change in VAFmean during the treatment, calculated
Cell Reports Medicine 4, 100972, March 21, 2023 e2
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by subtracting VAFmean at baseline from VAFmean at different points. ctDNA clearance is defined as lack of detectable mutation

from this panel covering 539 cancer-related genes at predefined points, with an average sequencing depth of 150003 and 0.2%

detection limit.

DNA library and corresponding cDNA library were standardized using the library homogenization method, purified by magnetic

beads, and sequenced using the Illumina NextSeq 550Dx platform. Before library normalization, the next-generation sequencing

libraries enriched by hybridization capture were quantified using the Qubit dsDNA HS Assay Kit. The fastp tool (V.2.20.0) was

used for adapter pruning and to filter low-quality sequencing reads.48 Cleaned reads were alignd to the human reference genome

(hg19) using the BWA-mem algorithm.49 Somatic mutations including point mutations, small insertions, and deletions were identified

and annotated using VarDict and Inter-Var, respectively.50,51 We screened for germline variations using the internal database. Copy

number variation involved amplification and deletion were identified by CNVkit.52 bTMBwas defined as the number of somatic SNVS

and indels in examined coding region. All SNVs and indels in the coding region of targeted genes, including missense, silent, stop

gain, stop loss, in-frame and frameshift mutations, are initially considered. Known germline SNVs, defined as population frequency

more than 0.015, in dbSNP, 1000 genome, and ESP6500 were filtered. Variants with allele frequencies more than 30%, which are

more likely germline mutations, were not counted. TMB high was defined as the median value in this study.

QUANTIFICATION AND STATISTICAL ANALYSIS

Historical data showed that theORR rate after neoadjuvant chemotherapy (LAPACT) in patients with LAPCwas 33.6%.We estimated

that a sample size of 26 patients would detect approximately 26% improvement (60%) in ORR rate with a power of 80%, using a one-

sided alpha of 0.025. Assuming a 10% drop-out rate, a total of 29 treatment-naive patients with LAPC/BRPCwere planned to accrue

in our study.

Statistical analysis was conducted using SAS statistical software (V.9.4,SAS Institute). Efficacy analyses were performed in

patients who underwent one or more post-treatment scans in the intention-to-treat populations. Safety outcomes were analyzed

in patients who received at least one of the aforementioned doses of the study regimen. Categorical variables, as the proportions

of patients with an objective response or adverse events were summarized by descriptive statistics with 95% confidence interval

Wilson score (CIs). Continuous variables were expressed asmedian (range). Response differences (ORR) and other binary outcomes

among clinical subgroups were assessed with the Fisher’s exact test. Furthermore, we provided Kaplan-Meier plots for PFS and OS,

the log rank test was used to compare the survival functions among different subgroups. For all analyzes, p value < 0.05 was consid-

ered to be statistically significant.

ADDITIONAL RESOURCES

This study has been registered on https://www.chictr.org.cn/, ID: ChiCTR2000032955.
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