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ABSTRACT
◥

Purpose: Preoperative chemoradiotherapy (CRT) and surgical
resection are the standard treatment for locally advanced rectal
cancer (LARC). Combining immune checkpoint inhibitors with
radiation suggests a promising approach for enhancing efficacy.We
investigated the efficacy of CRT followed by nivolumab and surgery
in patients with LARC.

Patients and Methods: In phase I, we investigated the feasibility
of sequentially combined CRT, 5 cycles of nivolumab, and radical
surgery. In phase II, patients with microsatellite stable (MSS) and
microsatellite instability-high (MSI-H) LARC were evaluated.

Results: Three patients in phase I received full courses of CRT
and nivolumab without dosemodification; the schedule was recom-
mended for phase II. A pathologic complete response (pCR) was
centrally confirmed in 30% [11/37; 90% confidence interval (CI),
18%–44%] and 60% (3/5) of the MSS and exploratory MSI-H

cohorts, respectively. While immune-related severe adverse events
were observed in 3 patients, no treatment-related deaths were
observed. In 38 patients with MSS who underwent surgery, pCR
rates of 75% (6/8) and 17% (5/30; P¼ 0.004, Fisher exact test) were
observed in those with programmed cell death ligand 1 (PD-L1)
tumor proportion score ≥1% and <1%, respectively; IHC staining
was performed using pre-CRT samples. In 24 patients with
MSS, pre-CRT samples were analyzed by flow cytometry; pCR
rates of 78% (7/9) and 13% (2/15; P ¼ 0.003, Fisher exact test)
were observed for CD8þ T cell/effector regulatory T cell (CD8/
eTreg) ratios of ≥2.5 and <2.5, respectively, in tumor-infiltrating
lymphocytes.

Conclusions: CRT followed by consolidation nivolumab could
increase pCR. PD-L1 expression and an elevated CD8/eTreg ratio
were positive predictors in patients with MSS LARC.

Introduction
Globally, CRC was the third and second most common cancer in

men and women, respectively, in 2020 (1). For patients with locally
advanced rectal cancer (LARC) of clinical T3 or T4 without distant
metastasis, preoperative chemoradiotherapy (CRT) using radiation
plus concurrent fluoropyrimidine-based chemotherapy followed by

surgical resection with total mesorectal excision (TME; refs. 2, 3) has
been performed as the standard treatment to reduce the risk of local
recurrence (4). Adjuvant chemotherapy is generally administered to
patients with stage II/III rectal cancer who did not receive neoadjuvant
chemotherapy.

Immune checkpoint inhibitors (ICI) that block CTL-associated
protein 4 (CTLA-4), programmed cell death 1 (PD-1), and
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programmed cell death ligand 1 (PD-L1) have become the standard
therapy for various solid tumor types (5–7). In microsatellite
instability–high (MSI-H) or mismatch-repair–deficient (dMMR)
colorectal cancer, a strong association between the benefit of PD-
1 blockade and the clinical benefit has been reported; although these
are rare subtypes (8). Indeed, an anti–PD-1 antibody, pembrolizu-
mab, was approved as first-line therapy both in the United States
and Japan for metastatic disease. While neoadjuvant ICIs led to
pathologic responses in microsatellite-stable (MSS) early-stage
colon cancers in the Dutch NICHE study (NCT03026140; ref. 9),
slight efficacies of ICIs have been reported in metastatic disease (10).
Therefore, various combination treatments are being investigated to
improve the efficacy of immunotherapies for this subtype (11–14).

Among the investigations above, combinations of ICIswith ionizing
radiation are a promising approach because radiationmay enhance the
action of ICIs by several mechanisms, including tumor antigen release
from direct tumor cell death and presentation of tumor-derived
antigens, and activate the innate immune pathway through type I
IFN and the stimulator of interferon genes (STING) pathway. Radio-
therapy also increased T-cell infiltration and modulated immunosup-
pressive cells (15–17). Indeed, in preclinical melanoma and breast
carcinoma xenografts models, the immune-stimulating effects of
radiation were significantly increased when radiation was sequentially
combined with an anti–PD-1 antibody. These increased the propor-
tion of the tumor–antigen complexes and MHC molecules, and
enhanced cross-presentation in lymph nodes and T-cell infiltration
into tumors (18). The polyclonal T-cell response alsomediated out-of-
field (abscopal) effects following local radiotherapy in renal cell, breast,
and colorectal carcinoma mouse models (19, 20). Clinical trials for
various types of metastatic cancer have shown that high-dose stereo-
tactic body radiotherapy combined with ICIs increased responses in
nonirradiated metastatic lesions, leading to better progression-free
survival (PFS) and overall survival (OS) outcomes, than with ICI
monotherapies (21–23). Furthermore, in patients with locally
advanced unresectable non–small cell lung cancer, the sequential
combination of conventional platinum-based CRT plus consolidation
therapy with an anti–PD-L1 antibody showed significant improve-
ment in both PFS (24) and OS (25). However, the ability of CRT
followed by ICIs to lead to better PFS and OS outcomes in LARC has
not been investigated.

Patients and Methods
Study design

We initiated the proof-of-concept EPOC 1504 VOLTAGE study,
which is an ongoing, nonrandomized, single-arm phase I/II trial across
three academic hospitals (26). Phase I was designed to investigate the
feasibility of PD-1 antibody nivolumab monotherapy and radical
surgery after CRT, and to determine the recommended phase II dosing
schedule in a “3þ3” cohort-based design. As a presetting decision rule,
if no dose-limited toxicities (DLT) were observed in the first 3
patients, we would move forward to phase II. If ≥1 DLT was
observed, 3 more patients would be included in phase I. Phase II
was designed to evaluate the efficacy and safety of nivolumab and
radical surgery in patients with primary LARC (cohort A).
Although primary analysis was conducted in patients with MSS
LARC (cohort A1), those with MSI-H LARC were also included in
the exploratory analyses (cohort A2).

The trial protocol was approved by the institutional review board
of each participating site before study initiation. The study was
conducted in accordance with the tenets of the Declaration of Helsinki
and Good Clinical Practice Guidelines, after approval by the ethics
board of each institution, and was registered at ClinicalTrials.gov
(NCT02948348). Written informed consent was obtained from all
patients. The full list of inclusion and exclusion criteria is provided in
the trial protocol.

Patient eligibility
The major eligibility criteria were as follows: treatment-na€�ve

with rectal cancer located 12 cm from the anal verge; clinical stage
T3–4 N0–2 M0; age ≥20 to <80 years; Eastern Cooperative Oncology
Group (ECOG) performance status 0 or 1; treated using capecitabine
(1,650 mg/m2 daily)-based concurrent CRT to a dose of 50.4 Gy
(45 Gy/25 fractions to the pelvic cavity and 5.4 Gy/3 fractions boost to
the primary lesion); and presence of sufficient organ function.
Lymph node positivity was diagnosed on the basis of a short-axis
diameter of >10 mm on MRI.

Procedures
The study treatments included five cycles of nivolumab monother-

apy (240 mg every 2 weeks) and subsequent radical surgery using a
sphincter-sparing procedure or abdominoperineal resection with
TME, after CRT with capecitabine and radiation to a dose of 50.4 Gy,
in 28 fractions. We planned to start nivolumab within 14 days of
completion of preoperative CRT; the period between the end of CRT
and radical surgery was planned for 12 weeks (Supplementary Fig. S1).
For patients with favorable postoperative conditions, a maximum of
6 months on adjuvant treatment with mFOLFOX6 or CAPOX was
recommended, at the investigator’s discretion.

An exploratory biomarker study was also conducted using samples
obtained from patients with MSS or MSI-H LARC. Serial tumor and
blood samples were collected at four instances: pre-CRT, post-CRT,
post-three cycles of nivolumab, and post-five cycles of nivolumab. The
PD-L1 staining in pre-CRT tumor formalin-fixed paraffin-embedded
samples was performed in vitro by diagnostic IHC staining (PD-L1
IHC 28–8 pharmDx, Agilent Technologies) according to the manu-
facturer’s instructions. The PD-L1 status was evaluated using both the
tumor proportion score (TPS) and the combined positive score (CPS).
TPS is defined as the percentage of PD-L1 expression in tumor cells
only, and CPS is defined as PD-L1 expression in tumor cells, lym-
phocytes, and macrophages/tumor cells � 100. Tumor-infiltrating
lymphocytes (TIL), DNA, and RNA were extracted from tumor

Translational Relevance

In our clinical trial, preoperative chemoradiotherapy (CRT)
followed by nivolumab and surgery indicated 30% [11/37; 90%
confidence interval (CI), 18%–44%] and 60% (3/5) of pathologic
complete response (pCR) rate with mild toxicities in patients with
microsatellite stable (MSS) and microsatellite instability–high
locally advanced rectal cancer (LARC), respectively. In the explor-
atory translational research for the MSS cohort, pCR rates of 75%
(6/8) and 78% (7/9) were, respectively, observed in patients with
PD-L1 ≥1% staining and elevated CD8þ/effector regulatory T-cell
ratio in tumor-infiltrating lymphocytes (TIL). Ki-67, CTLA-4, and
PD-1 expression by CD8þ T cells in pre-CRT samples of TILs
was higher in the good responders. High estimates of efficacy were
also observed in patients with consensus molecular subtype 1 and
higher tumor mutational burden in pre-CRT samples. Those
can be the potential efficacy predictors of CRT plus immune-
checkpoint inhibitor.
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samples while peripheral blood mononuclear cells (PBMC) were
isolated from the blood, as normal samples. Immune status was
analyzed by flow cytometry using the collected TILs and PBMCs (27).
Whole-exome and RNA-sequencing analyses were conducted using
the extracted DNA and RNA, respectively. All analyses were centrally
and independently performed, blinded to the clinical outcomes. The
methodology of the exploratory biomarker study is presented in the
Supplementary Materials and Methods.

Assessment
The primary endpoint for patients with MSS LARC was the

pathologic complete response (pCR) rate, as determined by an inde-
pendent central pathology assessment committee. Histopathologic
assessment of tumor regression was performed in accordance with
the assessment criteria of the American Joint Committee on Cancer
(AJCC) 7th edition. Tumor regression grade (TRG) 0 indicates no
remaining viable cancer cells (complete response); TRG 1 indicates
a single cell or small groups of cancer cells (moderate response);
TRG 2 indicates residual cancer outgrown by fibrosis (minimal
response); and TRG 3 indicates minimal, or no tumor death, with
extensive residual cancer (poor response). We also calculated the
neoadjuvant rectal score, using the clinical T, and pathologic T and
N stages as surrogates for long-term results (28). Data on recurrent
and vital status were collected and reported. However, relapse-free
survival (RFS), which is defined as the time between surgery and the
date of relapse or death, and overall survival (OS) were calculated
but were not evaluated using the Kaplan–Meier method in this
short-term study.

Safety analyses were performed using the Common Terminology
Criteria for Adverse Events (CTCAE) ver. 4.0, and the Clavien–
Dindo classification (ver. 2.0) was added for postoperative com-
plications. We established both radiation and central surgical
assessment committees to ensure the quality and safety of the study
treatments.

Statistical analysis
Assuming null and alternative hypotheses, pCR rates of 10% and

30%, the required sample size for patients withMSSLARCwas 37,with
a one-sided alpha of 5% and power of 90%. Five patients with MSI-H
LARC were also included in the exploratory analyses.

The primary endpoint was set to be analyzed in the first 37 patients
who were eligible and received protocol treatment at the recom-
mended phase II dosing schedule at least once. The confidence

intervals (CI) of the pCR rate were calculated using the Clopper and
Pearson method. The efficacy endpoints for all eligible patients who
received protocol treatment at least once were analyzed. Safety end-
points were analyzed in patients who received protocol treatment at
least once. All statistical analyses were performed using SAS Release
version 9.4 (SAS Institute).

Data availability
The RNA- and DNA-sequencing data will be deposited into the

Japanese Genotype-Phenotype Archive and will be made available on
reasonable request for academic use and within the limitations of the
provided informed consent. Accession process is ongoing. Every
request will be reviewed by the institutional review board of the
National Cancer Center (NCC); the researcher will need to sign a
data access agreement with the NCC after approval.

Results
Patient characteristics

Three patients with primaryMSS LARCwere enrolled in phase I. All
3 received both full courses of CRT and nivolumab (5 cycles) without
dose modification and underwent radical surgical resection. No DLTs
were observed (Supplementary Table S1). Therefore, five cycles of
nivolumab (240 mg every 2 weeks) monotherapy prior to radical
surgery was determined as the recommended phase II dosing schedule.

From January 2017 to October 2019, a total of 39 patients withMSS
LARC and 5 patients with MSI-H LARC were enrolled. The first 37
consecutive patients with MSS LARC were included in the primary
endpoint analysis, while the efficacy and safety analyses were per-
formed using data from all 39 patients with MSS LARC. Patient
characteristics of both MSS and MSI-H patients are shown
in Table 1. Quality-assured CRT was performed for all enrolled
patients according to the assessments of the radiation assessment
committee.

Efficacy
According to the pathologic assessment by independent central

pathologists, 11 patients [30% (11/37); 90% confidence interval (CI),
18%–44%] achieved TRG 0, resulting in a pCR rate of 30% in patients
with MSS LARC. Thus, the primary endpoint of this study was met.
When the 3 patients (8%) who achieved TRG 1 were included, 14
(38%) achieved TRG 0 or 1, which has been associated with a favorable
prognosis (29). In T4- and/or N-positive cases, a pCR rate of 33% (3/9)

Table 1. Patient characteristics.

MSS MSI-H
(n ¼ 39) (n ¼ 5)

Age [median (range)] 61 (33–79) 58 (42–67)
Sex (male/female) 26 (67%)/13 (33%) 3 (67%)/2 (33%)
ECOG PS (0/1) 33 (85%)/6 (15%) 4 (80%)/1 (20%)
T category (T3/T4) 34 (87%)/5 (13%) 5 (100%)/0 (0%)
N category (N0/N1–2) 30 (77%)/9 (23%) 3 (67%)/2 (33%)
Stage (II/III) 30 (77%)/9 (23%) 3 (67%)/2 (33%)
Location of primary site from anal verge [median (range)] 7 cm (0–11.5) 6 cm (3–8)
Time from the end of CRT to radical surgery [median (range)] 12.7 weeks (10.9–15.7) 12.7 weeks (11.9–13.4)
Surgery (sphincter sparing/not sphincter sparing/other) 34 (87%)/4 (10%)/1 (3%)a 5 (100%)/0 (0%)/0 (0%)
Adjuvant chemotherapy (performed/not performed) 30 (77%)/9 (23%) 1 (20%)/4 (80%)

aSurgical resection was not performed in one patient who achieved near-complete clinical response and refused treatment.
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was observed (Supplementary Table S2). In patients with MSI-H
LARC, 3 patients (60%) achieved TRG 0 (pCR), and the remaining
2 patients achieved TRG 2. The median neoadjuvant rectal (NAR)
scores of patients withMSS andMSI-H LARCwere 8.4 (0.0–50.4) and
0.9 (0.9–20.4), respectively (Table 2).

As of December 2020, 6 patients with MSS LARC experienced
recurrence (two local and four distant), and no patients with MSI-H
LARC experienced recurrence after a median follow-up of 32.9 and
17.2 months, respectively (Fig. 1).

Safety
In patients with MSS LARC, the major adverse events evaluated

by the Common Terminology Criteria for Adverse Events
(CTCAE) ver. 4.0, were as follows: nivolumab-related adverse
events were pruritus (20.5%), hyperthyroidism (12.8%), and AST
(12.8%) and ALT elevation (12.8%); and surgery-related adverse
events were ileus (10.5%), pelvic abscess (10.5%), and urinary
retention (10.5%; Supplementary Table S3). Serious adverse events
related to nivolumab or surgery were reported in 8 patients, and
immune-related severe adverse events were observed in 3 patients
(grade 3 myasthenia, grade 3 interstitial nephritis, and grade 2
peripheral motor neuropathy); all patients fully recovered, and
radical surgical resection was performed. During the follow-up
period, one additional patient developed grade 2 colitis. No treat-
ment-related deaths were recorded.

PD-L1 positivity and elevated CD8/eTreg ratio as significant
predictors of pCR in patients with MSS LARC

In the 38 patients with MSS LARC who had surgery, 8 (21%) had
a positive PD-L1 TPS (PD-L1 expression in ≥1% of tumor cells) in
pre-CRT samples according to in vitro diagnostic IHC staining
(PD-L1 28–8 pharmDx assay, Agilent Technologies). Furthermore,
pCR rates of 75% (6/8) and 17% (5/29) (P ¼ 0.004, Fisher exact test)
were observed in patients with positive and negative PD-L1 TPS,
respectively (Table 3).

On the contrary, 28 patients (74%) had a positive PD-L1CPS in pre-
CRT samples and no significant differences in pCR were observed
between positive (32%) and negative (20%) PD-L1 CPS (Supplemen-
tary Table S4). Remarkably, all 6 patients with MSS with recurrence
tested negative for PD-L1/TPS (Fig. 1).

To investigate the correlation between T-cell activation and the
efficacies of our sequential therapy, serial tumor and blood samples
(pre-CRT, post-CRT, post three cycles of nivolumab, post five cycles
of nivolumab) were collected from 24 patients and T-cell subsets
evaluated by flow cytometry. We classified human Treg cells based on
the expression levels of the na€�ve T-cell markers CD45RA and
FOXP3 (27, 30, 31) to avoid interference with effector CD4þ

T cells (32), as follows: na€�ve Treg cells (CD45RAþFoxP3loCD4þ;
I); effector Treg (eTreg) cells (CD45RA�FoxP3hiCD4þ; II); and non-
Treg cells (CD45RA�FoxP3loCD4þ; III; Fig. 2A).

The frequency of eTreg cells was higher in TILs than in PBMCs in
pre-CRT samples (P < 0.0001, Mann–Whitney U test, Supplemen-
tary Fig. S2A). The frequency of eTreg cells in TILs was consistently
higher at all four time points in patients who achieved TRG 2 or 3
than in those with TRG 0 or 1 (Fig. 2B). As the percentage of CD3þ

T cells in live TILs significantly decreased after CRT (Supplemen-
tary Fig. S2B) and the ratio of immunostimulant and immunosup-
pressive cells is expected to be an optimal measure for evaluating
immune status (33), we investigated the CD8þ T cells/eTreg cells
(CD8/eTreg) ratio in TILs for 24 patients with analyzable serial
samples. The CD8/eTreg ratio in TILs pre-CRT in patients who
achieved pCR was significantly higher than that in patients who did
not achieve pCR (P ¼ 0.012, Mann-Whitney U test; Fig. 2C). When
we divided patients based on the ROC curve analysis (cut-off value:
2.5, Supplementary Fig. S2C), pCR rates of 78% (7/9) and 13% (2/
15) were observed according to TIL CD8/eTreg ratios ≥2.5 and <2.5,
respectively (P ¼ 0.003, Fisher exact test, Table 3). Moreover, CD8/
eTreg ratios in TILs were consistently higher in patients who
achieved pCR during study treatments than in those who did not
(non-pCR; Fig. 2D), and the same trends were also observed in
patients with TRG 0–1 (Supplementary Fig. S2D and S2E).

When we evaluated PD-L1 expression and the CD8/eTreg ratio in
TILs jointly in the 24 patients with serial specimen collection, a pCR
rate of 100% (5/5) was observed in patients with both PD-L1/TPS ≥1%
and a CD8/eTreg ratio in TILs ≥ 2.5. On the other hand, a pCR rate of
8% (1/12) was observed in patients with both PD-L1/TPS <1% and a
CD8/eTreg ratio in TILs < 2.5 (Table 3), and all patients with TRG 3
were included in this subpopulation.

Five patients with MSI-H LARC were evaluated, and neither the
PD-L1/TPS status nor the CD8/eTreg ratio in TILs from pre-CRT
samples was associated with the efficacy of study treatment in this
exploratory analysis (Table 3).

Taken together, these results suggest that both PD-L1 expression in
pre-CRT tumor cells and the CD8/eTreg ratio in TILs were strong
predictivemarkers of pCR in patients withMSS LARC treatedwith our
sequential therapy. Thus, a combination of these biomarkers poten-
tially identifies the patients who exhibit response to this sequential
therapy with the highest efficacy.

Ki-67, CTLA-4, and PD-1 expression by T cells as significant
predictors of the efficacy of chemoradiotherapy plus nivolumab
in patients with MSS LARC

As the correlations between Ki-67, CTLA-4, and PD-1 expression
levels in T cells and the efficacy of ICIs have been reported (9, 34, 35),
we investigated the correlation between these factors and the efficacy of
our sequential therapies. Ki-67, CTLA-4, and PD-1 expression levels
by CD8þ T cells in TILs was significantly higher in the pre-CRT
samples of patients who achieved TRG 0–1 than in those who achieved
TRG 2–3 (P ¼ 0.020, P ¼ 0.030, P ¼ 0.015, respectively, Mann–
Whitney U test, Fig. 3A).

Table 2. Pathologic assessment of resected specimens by the
independent central assessment committee.

MSSa MSI-H
AJCC tumor regression grade (N ¼ 37) (N ¼ 5)

0 (pCR) 11 (30%) 3 (60%)
1 3 (8%) 0 (0%)
2 15 (41%) 2 (40%)
3 7 (19%) 0 (0%)
Not evaluatedb 1 (3%) 0 (0%)
Neoadjuvant rectal score 8.4 (0.0–50.4) 0.9 (0.9–20.4)
Macroscopic evaluation of resection
specimen (complete/nearly
complete/incomplete/other)

26/5/5/1b 4/0/1/0

aIn total, 39 patients were included in cohort A1. The primary endpoint was
analyzed in the first 37 consecutive patients. The AJCC tumor regression grades
of the remaining two patients were grade 1 and grade 3.
bSurgical resection was not performed in one patient who achieved near-
complete clinical response and refused treatment.
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AlthoughKi-67 expression byCD8þT cells was increased after CRT
in both PBMCs andTILs, there were no significant differences between
those who achieved TRG 0–1 and those who achieved TRG 2–3
(Supplementary Fig. S3B). In contrast, PD-1 expression by CD8þ

T cells in TILs, especially in CD45RA�CCR7� effector memory (TEM)
cell subset, was significantly higher in patients who achieved TRG
0–1, both before and after CRT, than in those who achieved TRG 2–
3 (pre-CRT P ¼ 0.015, post-CRT P ¼ 0.0009, Mann–Whitney U
test, Fig. 3B).

Conversely, CTLA-4 expression by both CD4þ and CD8þ T cells in
TILs, especially in the TEM cell subset, was decreased in patients who
achieved TRG 0–1 and tended to increase in patients who achieved
TRG 2–3 during nivolumab treatment (Supplementary Fig. S3C and
S3D). Furthermore, CTLA-4 expression by both CD4þ and CD8þ

T cells, especially by TEM, was significantly higher after 5 cycles of
nivolumab in patients who achieved TRG 2–3 than in those
who achieved TRG 0–1 (CD4þ T cells and the TEM, P ¼ 0.006 and
P¼ 0.008; CD8þT cells and the TEM, P¼ 0.024 and P¼ 0.024,Mann–
Whitney U test, Fig. 3C and D). Taken together, Ki-67, CTLA-4, and
PD-1 expression by CD8þ T cells in TILs from pre-CRT samples are
positive predictive markers of pCR with our sequential therapies. The
elevated CTLA-4 expressions by both CD4þ and CD8þ T cells after
nivolumabmight be associatedwith the reduced efficacy of nivolumab:
a potential resistance mechanism of nivolumab monotherapy.

Consensus molecular subtype and tumor mutational burden as
significant predictors of chemoradiotherapy plus nivolumab
efficacy

To investigate the correlations between the status of gene muta-
tions/expressions and the efficacy of our sequential therapy, whole-
exome sequencing (WES) and RNA sequencing were performed in
pre-CRT samples from24patients withMSSLARC and 5 patients with
MSI-H LARC. Of 21 patients with MSS LARC whose consensus
molecular subtype (CMS) was analyzable, those with CMS1 (MSI-
immune) subtype achieved pCR rates of 100% (2/2). In contrast,
patients with CMS2 (canonical), CMS3 (metabolic), and CMS4 (mes-
enchymal) achieved pCR rates of 29% (2/7), 40% (2/5), and 29% (2/7),
respectively (Supplementary Table S5), indicating that CMS1 which is
associated with gene expression of diffuse immune infiltrate is corre-
lated with the efficacy of our sequential therapy. The tumormutational
burden (TMB) in the pre-CRT samples from the patients with MSI-H
LARC (n ¼ 5) was significantly higher than that in the samples
from patients with MSS LARC (n ¼ 19; median 13.2 mutations/Mbp
vs. median 0.99 mutations/Mbp, P < 0.0001, Mann–Whitney U
test, Fig. 3E). In patients with MSS LARC, the TMB in the pre-
CRT samples was significantly higher in patients with TRG 0–1
(median 1.45 mutations/Mbp) than in those with TRG 2–3 (median
0.84 mutations/Mbp; P ¼ 0.016, Mann–Whitney U test, Fig. 3F).
However, no similar trends between those who achieved pCR and

Figure 1.

Representative effects of preoperative chemoradiationplus consolidation nivolumabmonotherapy. Swimmer’s plot of overall survival. FromJanuary 2017 toOctober
2019, a total of 39 patients with microsatellite stable (MSS) locally advanced rectal cancer (LARC) and 5 patients with microsatellite instability-high (MSI-H) LARC
were enrolled. Radical surgery was performed for all patients, excluding one patient who declined surgery after achieving a near-complete clinical response with
nivolumab. As of December 2020, six patients with MSS LARC experienced recurrence (two local and four distant), and no patients with MSI-H LARC experienced
recurrence after a median follow-up of 32.9 and 17.2 months, respectively. One patient with MSS LARC died. The patient who achieved a near-complete clinical
response anddeclined surgery experienced local regrowth anddistantmetastasis after 18.3months of follow-up; therewasnooption for curative resection due to the
multiple distant metastases.
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those who did not (non-pCR) were observed in the MSI-H group,
although a small number of samples was investigated. Thus, higher
TMB in patients withMSS LARCmight be a good predictor of efficacy
of our sequential therapy.

Microbiome analysis
To comprehensively investigate the correlations between fecal

microbiomes and the efficacies of our sequential therapy, 16S ribo-
somal RNA (rRNA) sequencing was performed in the post-CRT stool
samples from 32 patients with MSS LARC. The diversity of the fecal
microbiomeswas not significantly different between patients with pCR
and thosewith non-pCRwhen evaluated using either the abundance of
operational taxonomic units (OTU) or the Shannon index. The same
was also true when comparing the diversity of the fecal microbiomes
between patients who achieved TRG 0–1 and patients who achieved
TRG 2–3 (Supplementary Fig. S4A). Beta diversities visualized using
principal coordinate analysis (PCoA) were also not significantly
different (Supplementary Fig. S4B). Considering the relative abun-
dance of bacterial genera, no significant differences were found
between patients with pCR and those with non-pCR (Supplementary
Fig. S4C), indicating the diversity of fecal microbiome and the relative
abundance of bacterial genera had no strong correlations to the efficacy
of our sequential therapy in this limited sample.

Discussion
CRT followed by radical surgery is the standard therapy for patients

with LARC. However, further developments are expected to improve
both local and distant control.While ICIs have shown promise in solid
tumors, they have been largely ineffective in patients with MSS CRC.
To evaluate whether combining CRT and ICIs could improve efficacy
in patients with MSS LARC, we performed this proof-of-concept
study. Although several results of the combination of CRT and ICI

in patients with LARC have been reported, this study is the first to
investigate the efficacy and safety of preoperative CRT followed by ICIs
in patients with LARC (26).We report that CRT followed by five cycles
of consolidation nivolumab and radical surgery showed a promising
pCR rate of 30% and acceptable mild toxicities in patients with MSS
LARC, although it is a nonrandomized, single-arm, phase II trial. Our
sequential combination also achieved a 60% pCR rate in patients with
MSI-H LARC, suggesting the increased efficacy of nivolumab in this
subgroup. Although the number of patients with MSI-H LARC was
small due to the low incidence of left-sided MSI-H CRC (36), prom-
ising pCR rates suggested that CRT followed by nivolumab has
potential to become the favorable treatment option for that population.

A meta-analysis that included previous prospective and retrospec-
tive studies suggested an association between longer intervals from
CRT completion to surgery and improved pCR rates (37). However,
the randomized GRECCAR6 trial demonstrated that an interval of
11weeks yielded no significant differences in pCR rates as compared to
7 weeks (7 weeks, 15.0% vs. 11 weeks, 17.4%; P ¼ 0.598; ref. 38).
Another single-arm phase II trial demonstrated a 30% pCR rate with
CRT followed by four cycles of consolidation FOLFOX at 12-week
intervals (39). We observed a 30% pCR rate at a median 12.7-week
interval in our MSS LARC cases, without consolidation FOLFOX,
which suggested additional efficacy of nivolumab.

The recent NRG-GI002 study reported that preoperative FOLFOX
followed by CRT with concurrent pembrolizumab did not improve
pCR rates as comparedwith FOLFOX followed only byCRT (31.9% vs.
29.4%, P ¼ 0.75; ref. 40). While there is no evidence to compare that
concurrent or sequential combination of ICIs is a better strategy, our
study suggests that CRT followed by consolidation nivolumab may
enhance efficacy in certain subgroups of patients with LARC.

While a pCR rate of 30% in patients with MSS LARC was similar to
that of previous single-arm phase II trials combiningCRT and targeted
therapies, our study differs in that we also performed various

Table 3. Correlation between the pCR rate and biomarkers of enhanced immune activation in both tumor and immune cells.

Correlation between the pCR rate and PD-L1 status of tumor samples using the TPS before chemoradiotherapy
pCR rate in MSS patients pCR rate in MSI-H patients
(N ¼ 38) (N ¼ 5)

PD-L1 (TPS)a ≥1% 75% (6/8)b —
PD-L1 (TPS) <1% 17% (5/30)b 60% (3/5)

Correlation between the pCR rate and the CD8/eTreg ratio in tumor-infiltrating lymphocytes (TILs) before chemoradiotherapy
pCR rate in MSS patients pCR rate in MSI-H patients
(N ¼ 24) (N ¼ 5)

CD8/eTreg ratio before CRT ≥2.5 78% (7/9)c 67% (2/3)
CD8/eTreg ratio before CRT <2.5 13% (2/15)c 50% (1/2)

pCR rate by combined analysis of both PD-L1 expression using the TPS and the CD8/eTreg ratio before chemoradiotherapy in patients with MSS
LARC (N ¼ 24)

CD8/eTreg ≥ 2.5 CD8/eTreg < 2.5 Total

PD-L1 (TPS) ≥1% 100% (5/5) 33% (1/3) 75% (6/8)
PD-L1 (TPS) <1% 50% (2/4) 8% (1/12) 19% (3/16)

Abbreviations: pCR, pathologic complete response; TPS, tumor proportion score; CD8/eTreg, CD8þ T cell/effector regulatory T cell; TILs, tumor-infiltrating
lymphocytes; MSS, microsatellite-stable; MSI-H, microsatellite-instability–high; LARC, locally advanced rectal cancer.
aTPS ¼ (PD-L1 positive tumor cells/all tumor cells) � 100.
bP ¼ 0.004, Fisher’s exact test.
cP ¼ 0.003, Fisher’s exact test.
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Figure 2.

Comparison of effector regulatory T (eTreg) cells and CD8þ T cells in tumor infiltrating lymphocytes (TILs) between responders and non-responders. A, Peripheral
bloodmononuclear cells (PBMCs) and TILswere collected from24patientswithmicrosatellite stable (MSS) locally advanced rectal cancer (LARC)whowere enrolled
in theVOLTAGEand subjected toflowcytometry. Representative flowcytometry plots are shown. Basedon the expression levels of the naive T-cellmarkers CD45RA
and FOXP3, we defined naive Treg cells (CD45RAþFoxP3loCD4þ) (I), effector Treg (eTreg) cells (CD45RA�FoxP3hiCD4þ) (II), and non-Treg cells
(CD45RA�FoxP3loCD4þ) (III). B, Percentage of eTreg cells in CD3þ T cells of TILs in patients who achieved tumor regression grade (TRG) 2–3 and in patients
who achieved TRG 0–1 at four time points (pre-CRT, post-CRT, post-3 cycles of nivolumab, and post-5 cycles of nivolumab) is shown. The median and interquartile
rangeof TRG0–1 andTRG2–3patients per group, respectively, are shown. Thedifferences between the twogroups of patientswere comparedusing aMann-Whitney
U test.C, The CD8þ T cell/eTreg cell (CD8/eTreg) ratios in TILs in patients who achieved pathologic complete response (pCR) and in patientswho achieved non-pCR
at the pre-CRT time point are shown. The differences between the two groups of patients were compared using a Mann-Whitney U test. D, The CD8/eTreg ratios
in TILs in patients who achieved pCR and in patients who achieved non-pCR at four time points (pre-CRT, post-CRT, post-3 cycles of nivolumab, and post-5 cycles
of nivolumab) are shown. The median and interquartile range of pCR and non-pCR patients per group, respectively, are shown. The differences between the two
groups of patients were compared using a Mann-Whitney U test. Naive (CCR7þCD45RAþ); CM, central memory (CCR7þCD45RA�); EM, effector memory
(CCR7�CD45RA�); TEMRA, terminally differentiated effector memory (CCR7�CD45RAþ).
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biomarker analyses to select the optimal beneficiaries of our study
treatment. According to analyses using pre-CRT biopsy samples from
our limited cohort, a 75% pCR rate was observed in patients with PD-
L1/TPS-positive tumor samples. A promising pCR rate of 78%was also
observed in patients with high (≥ 2.5) CD8/eTreg ratio in TILs. Given
that pCR rates of 13%–17% in patients with negative PD-L1 expression
or low (< 2.5) CD8/eTreg ratios in TILs are consistent with those of
previous phase II/III clinical trials that investigated CRT followed by
radical surgery, the synergistic effect of CRT plus nivolumab might be
more evident in patients with positive PD-L1 expression or high CD8/
eTreg ratios in TILs. In patients with both positive PD-L1 expression
and high CD8/eTreg ratios, the highest pCR rate (100%; 5/5) was
observed. As PD-L1 expression is related to the immunogenicity of
tumor cells and elevated CD8/eTreg ratio in TILs is related to the

potentiality of immune cells (33), those might be independent pre-
dictive factors and potential biomarkers to identify patients in whom
our sequential therapy may be most effective. Because these findings
came from small sample size analyses, future investigations with larger
sample sizes are warranted.

Estimates of high efficacy were observed in the pre-CRT samples of
patients with MSS LARC with a higher TMB. Because TMB is
associated with a high frequency of neoantigens (41), those patients
might be expected to have a higher efficacy similar to that observed in
MSI-H LARC. In addition, both cases with CMS1 indicated pCR.
While CMS1 is associated with gene expression of diffuse immune
infiltrate (39), predicting efficacies of ICI, patients with other CMS
levels had pCR rates of 29%–40%. Analyses with larger samples are
needed to confirm the higher efficacy of ICIs in patients with CMS1.

Figure 3.

Ki-67, PD-1, and CTLA-4 expression by CD8þ and CD4þ T cells in TILs in MSS LARC group and TMB in both theMSS LARC andMSI-H LARC groups.A, Ki-67, PD-1, and
CTLA-4 expression by CD8þ T cells in tumor infiltrating lymphocytes (TILs) in patientswho achieved tumor regression grade (TRG) 0–1 and in patientswho achieved
TRG 2–3 at pre-CRT are shown. The differences between the two groups of patients were compared using a Mann-Whitney U test. B, PD-1 expression by both CD8þ

T cells and effector memory cells (TEM) in TILs in patients who achieved TRG 0–1 and in patients who achieved TRG 2–3 at both the pre-CRT and post-CRT time are
shown. The differences between the two groups of patients were compared using a Mann-WhitneyU test. Because PD-1 expression could not be correctly evaluated
during nivolumab therapy due to crossing with the PD-1 antibody, the data obtained after nivolumab therapy are not shown. C, CTLA-4 expression by both CD8þ

T cells and the TEM subset in TILs in patients who achieved TRG 0–1 and in patients who achieved TRG 2–3 at four time points (pre-CRT, post-CRT, post-3 cycles
of nivolumab, and post-5 cycles of nivolumab) are shown. The differences between the two groups of patients were compared using a Mann-Whitney U test.
D, CTLA-4 expression by both CD4þ T cells and the TEM subtype in TILs in patients who achieved TRG 0–1 and in patients who achieved TRG 2–3 at four time
points (pre-CRT, post-CRT, post-3 cycles of nivolumab, and post-5 cycles of nivolumab) are shown. The differences between the two groups of patients were
compared using a Mann-Whitney U test. E, The tumor mutational burden (TMB) in pre-CRT samples in patients with microsatellite instability-high (MSI-H)
locally advanced rectal cancer and in patients with microsatellite stable (MSS) LARC is shown (median 13.2/Mbp vs. median 0.99/Mbp). The differences
between the two groups of patients were compared using a Mann-Whitney U test. F, The TMB in pre-CRT samples in patients with MSS LARC who achieved
TRG 0–1 (median 1.45 mutations/Mbp) and in patients who achieved TRG 2–3 (median 0.84 mutations/Mbp) is shown. The differences between the two groups
of patients were compared using a Mann-Whitney U test. TEM, effector memory (CCR7�CD45RA�).
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Higher Ki-67, CTLA-4, and PD-1 expression by CD8þ T cells in
TILs was also higher in the pre-CRT samples of patients with TRG
0–1 than in those with TRG 2–3. These findings were consistent
with those of previous reports on ICI treatments in various types of
solid tumors, including MSS colon cancer responders treated with
preoperative nivolumab plus ipilimumab in the Dutch NICHE
study. (9, 35)

In contrast, CTLA-4 expression by both CD8þ and CD4þ T cells in
TILs was high after the administration of nivolumab in poor respon-
ders; this was particularly evident in the TEM cell subset of the TILs. In
addition, tumor-infiltrating eTreg cells, which can be decreased with
ipilimumab, were highly elevated in poor responders (42). These
findings suggest that the addition of ipilimumab might overcome
resistance to the sequential combination of CRT plus ICIs. We are
currently investigating the efficacy of this approach using the sequen-
tial combination of CRT plus nivolumab and ipilimumab in an
ongoing study of patients with MSS LARC (VOLTAGE Cohort D).
Further clinical and translational analyses will elucidate the situations
in which CRT plus anti–PD-1 monotherapy, or the anti–PD-1 plus
anti–CTLA-4 doublet should be used based on predictive biomarkers,
leading to precision immunotherapy with higher efficacy rates and
milder toxicities in the future.

Our study had several limitations. This was a nonrandomized,
phase I/II study with a relatively small sample size. Although
promising pCR rates were reported, long-term survival data has
not been reported. To confirm the survival benefits of the sequential
combination of CRT with ICIs, confirmatory, international, ran-
domized phase III trials comparing standard CRT to our sequential
combination, especially in patients with MSS LARC with biomarker
selected populations, (PD-L1/TPS positive and/or high CD8/eTreg
ratios) are needed.

In conclusion, preoperative CRT followed by nivolumab and radical
surgery, which was associated with only mild toxicities, may also be
associated with increased efficacy in patients with MSS LARC, as
indicated by the promising pCR results observed. PD-L1 TPS expres-
sion and an elevated CD8/eTreg ratio in TILs appear to be positive
predictors of nivolumab efficacy, warranting further study in a larger
cohort.
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