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ABSTRACT
A better understanding of the effects of preoperative chemoradiotherapy (CRT) on tumor immune 
microenvironment (TIME) is essential to improve the treatment outcomes of patients with locally 
advanced rectal cancer (LARC). In this context, we performed a multiplex immunofluorescence staining 
to evaluate the TIME in 158 patients with LARC who underwent preoperative CRT followed by surgery and 
adjuvant chemotherapy in the ADORE trial. We found that higher levels of T-cell subsets (CD3+, CD4+, and 
CD8+) and dendritic cells in the tumor compartment of pretreatment biopsy samples were associated with 
good response to preoperative CRT. After CRT, there was a significant increase in the densities of CD3+ 

T cells, CD8+ T cells, and dendritic cells, while that of CD4+FoxP3+ regulatory T cells decreased, indicating 
that CRT changed the TIME into a more immune-active status. However, CRT also conferred an immuno
suppressive effect by polarizing the tumor-associated macrophages from pro-inflammatory M1 macro
phage to immune-suppressive M2 macrophages and decreasing the density of B cells. High delta values of 
CD3+ T cells and PD-L1+ lymphocytes after CRT were associated with good disease-free survival (DFS), 
while that of CD4+FoxP3+ regulatory T cells was associated with poor DFS. These findings provide 
a framework for future studies incorporating strategies to modulate the TIME in patients with LARC.
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Introduction

Preoperative chemoradiotherapy (CRT) followed by total 
mesorectal excision with or without adjuvant chemotherapy 
has been the standard treatment strategy for patients with 
locally advanced rectal cancer (LARC).1–3 Recently, the total 
neoadjuvant therapy approach that incorporates chemother
apy with CRT prior to surgery has been proposed as a new 
treatment strategy.4 Although these multimodality treatment 
strategies have led to significant improvements in the survival 
outcomes of patients with LARC, approximately 20% to 40% of 
the patients still experience disease progression.4–7 Therefore, 
more efforts are needed to identify patients with poor prog
nosis and optimize the treatment strategies.

The clinical importance of the tumor immune microenvir
onment (TIME) is increasing as the immune cells in the tumor 
microenvironment have been shown to be significantly asso
ciated with disease progression and sensitivity of tumors to 
therapeutic agents in various types of cancers including rectal 
cancer.8–10 Multiple studies have demonstrated the prognostic 
value of immune cell subpopulations such as T cells, B cells, and 
tumor-associated macrophages in rectal cancer.9–12 High den
sity of CD8+ T cells and CD20+ B cells in TIME were associated 

with good survival outcomes, while the high density of M2 
macrophages was associated with poor survival outcomes. 
Furthermore, a recent study reported that a decrease in CD8+ 

T cell/FoxP3+ tumor-infiltrating lymphocyte ratio after preo
perative radiotherapy was associated with a better survival out
come, demonstrating that the dynamic changes in the TIME 
may affect treatment outcomes.9 However, most of the previous 
studies on TIME in rectal cancer have evaluated only a limited 
number of immune cell subpopulation types, which may limit 
a clear assessment of the role of specific immune cell popula
tions. Furthermore, with the increasing role of immune check
point inhibitors and other immunotherapy strategies in various 
types of cancer, understanding how radiation therapy or che
moradiotherapy affects the TIME is essential to advance treat
ment strategies in patients with LARC. Nevertheless, there are 
only few studies that evaluated the effect of preoperative CRT on 
the TIME in patients with LARC, and these studies have eval
uated only a limited population of immune cells.9,10

The ADORE trial (ClinicalTrials.gov identifier: 
NCT00807911) was a randomized, open-label, multicenter, 
phase II trial that compared the efficacy of adjuvant fluorour
acil and leucovorin (FL) with that of oxaliplatin plus 
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fluorouracil and leucovorin (FOLFOX) in patients with post
operative ypStage II (ypT3-4N0) or ypStage III (ypTanyN1-2) 
rectal cancer after fluoropyrimidine-based preoperative CRT 
and total mesorectal excision.5,6 The ADORE trial showed that 
patients treated with adjuvant FOLFOX had better DFS com
pared with patients treated with adjuvant FL, which served as 
the basis for adjuvant FOLFOX in becoming one of the stan
dard adjuvant regimens in LARC patients with ypStage II or III 
disease after preoperative CRT and total mesorectal excision.

By analyzing the prospective cohort of the ADORE trial, this 
study aimed to comprehensively evaluate the 1) correlation 
between the TIME in pretreatment biopsy and response to 
preoperative CRT, 2) dynamic changes in the TIME after 
preoperative CRT, and 3) association between the TIME in 
post-preoperative CRT surgical specimen and survival out
comes, in LARC patients treated with preoperative CRT fol
lowed by total mesorectal excision and adjuvant 
chemotherapy.

Methods

Patients and histologic specimens

This is a prospective cohort study which included a total of 158 
patients with postoperative ypStage II (ypT3-4N0) or III 
(ypTanyN1-2) rectal cancer after fluoropyrimidine-based pre
operative CRT and total mesolectal excision who were treated 
at Asan Medical Center (Seoul, South Korea) and enrolled in 
the phase II ADORE trial between November 2008 and 
June 2012. Formalin-fixed paraffin-embedded (FFPE) tissue 
samples were obtained from both pretreatment biopsies and 
surgical resection specimens after CRT. Pretreatment biopsy 
specimens were available in 110 patients, surgical resection 
specimen after CRT was available in 144 patients, and paired 
pretreatment biopsy and surgical resection specimens were 
available in 101 patients (Figure 1a). All patients provided 
written informed consent for tissue collection. This study was 
approved by the institutional review board of Asan Medical 
Center.

Multiplex immunofluorescence staining

We performed multiplex immunofluorescence staining to 
comprehensively analyze the TIME of the pretreatment biopsy 
samples as well as the surgically resected samples after CRT. 
Rectal cancer specimens (4-μm sections) were cut from the 
FFPE blocks and transferred onto positively charged slides, 
followed by multiplex immunofluorescence staining with 
a Leica Bond Rx™ Automated Stainer (Leica Biosystems, 
Newcastle, UK). Briefly, the slides were baked for 30 min and 
dewaxed with Leica Bond Dewax solution (#AR9222, Leica 
Biosystems), followed by antigen retrieval with Bond Epitope 
Retrieval 2 (#AR9640, Leica Biosystems) in a pH 9.0 solution 
for 30 min. After antigen retrieval, slides were incubated with 
primary antibodies followed by secondary horseradish perox
idase-conjugated polymer. Each horseradish peroxidase- 
conjugated polymer created a covalent binding of a different 
fluorophore using tyramide signal amplification. This cova
lently bond reaction was followed by additional antigen 

retrieval with Bond Epitope Retrieval 1 (Cat #AR9961, Leica 
Biosystems, Milton Keynes, UK) for 20 min to remove prior 
primary and secondary antibodies before the next step in the 
sequence. Each slide was subjected to six sequential rounds of 
staining. After sequential reactions, sections were counter
stained with Spectral DAPI and mounting with HIGHDEF® 
IHC fluoromount (Enzo Life Sciences, Farmingdale, NY).

Two panels were designed for multiplex immunofluores
cence staining (Opal™ 7-color Automation IHC Kit; Akoya 
Biosciences, Marlborough, MA, USA), of which panel 1 
included DAPI, CK, CD4, CD8, FoxP3, CD20, and PD-L1, 
and panel 2 included DAPI, CK, CD3, CD68, CD206, CD11c, 
and MHC class II (Figure 1, b and c). Further details of the 
panel information are summarized in Supplementary Table 1. 
CD3+ was used for indicating T cells, CD8+ for cytotoxic 
T cells, CD4+FoxP3+ for regulatory T cells, CD4+FoxP3– for 
helper T cells, CD20+ for B cells, CD68+CD206– for M1 macro
phages, CD68+CD206+ for M2 macrophages, CK-MHC II+ for 
antigen-presenting cells, MHC II+CD11c+ for dendritic cells, 
and CK+PD-L1+ for PD-L1-positive tumor cells. Total lym
phocyte count was calculated as the summation of CD4+, 
CD8+, and CD20+ cells; PD-L1+ lymphocyte count was calcu
lated as the summation of PD-L1+CD4+, PD-L1+CD8+, and 
PD-L1+CD20+ cells; PD-L1– lymphocyte count was calculated 
as the summation of PD-L1–CD4+, PD-L1–CD8+, and PD-L1– 

CD20+ cells (Supplementary Figure 1).
Multiplex stained slides were scanned using the Vectra 

Polaris Automated Quantitative Pathology Imaging System 
(Akoya Biosciences, Marlborough, MA, USA) at 20× magnifi
cation. The regions of interest (ROIs) were carefully chosen by 
a pathologist specializing in colorectal cancer (J.K.) based on 
H&E slides and CK expression, and the size of each ROI was 
0.64 mm2. For pre-treatment biopsies, we selected at least two 
ROIs with evidence of tumor-associated microenvironment, 
which was defined by the presence of desmoplastic stroma 
and the degree of tumor-associated inflammation.13 For surgi
cally resected specimens after CRT, we first determined the 
invasive margin, which was the area within ± 0.5 mm perpen
dicular width (±, toward/away from the tumor center) along 
the invasive front as previously described in tumor-containing 
tissue sections.14 Then, we chose 8–10 ROIs showing evidence 
of active tumor-stromal interaction, which includes tumor- 
associated microenvironment and singly scattered or small 
clusters of tumor cells. To accomplish this, we examined up 
to 4 tumor-containing sections per each surgically resected 
specimen.

Representative images for training were selected in 
Phenochart (Akoya Biosciences, Marlborough, MA, USA), 
and an algorithm was created in the inForm 2.4 Image 
Analysis software (Akoya Biosciences, Marlborough, MA, 
USA). Multispectral images were unmixed using the spectral 
library in inForm software, and all tissues were segmented 
according to the presence of CK antibody expression 
(Figure 1d, left). Based on DAPI staining, each single cell was 
segmented (Figure 1d, middle), and phenotyping was per
formed according to the expression compartment and intensity 
of each marker (Figure 1d, right). Batch analysis was per
formed on selected ROIs of all tissue using the same algorithm 
designed on representative images by the inForm Software. 
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The exported data were consolidated and analyzed in 
R software using the phenoptr (Akoya Biosciences, 
Marlborough, MA, USA) and phenoptrReport packages 
(Akoya Biosciences, Marlborough, MA, USA). The counted 
cell numbers are expressed as the mean number of cells/mm2 

for each cell population.
In the biopsy specimens, we subdivided the regions into 

tumor area and the stromal area based on CK expression; in 
the surgical specimens, the entire tumor area including the 
regressed lesions was evaluated because it is difficult to 
accurately differentiate between the tumor and the stromal 
portion area after CRT. Similarly, when assessing the 
dynamic changes in TIME after preoperative CRT in patients 
with paired samples, the immune cell subpopulation in the 
tumor and the stromal areas were evaluated as a whole in 
both the biopsy specimens and post-treatment surgical 
specimens.

Cell-to-cell distance analysis

Topographic coordinates for each cell were obtained using the 
inForm software, and distance analyses were performed using 
Phenoptr and PhenoptrReports packages in R Studio (Akoya 
Biosciences). The consolidated data were used to calculate the 
nearest distance between tumor cells and specific immune cell 
subtypes within the desired radius. Then, the nearest distances 
were used together with the composite and component image 
data to visualize the spatial relationship. The nearest neighbor 
analysis was performed in pretreatment biopsy specimens 
(Supplementary Figure 2).

Tumor regression grade

Resected tumors after CRT were examined in their entirety and 
the degree of the regression of resected tumors was assessed by 

Figure 1. a, Cohort flow diagram. Representative examples of multiple immunofluorescence staining of rectal cancer. b, CK, CD4, CD8, FoxP3, CD20, PD-L1 (panel 1). c, 
CK, CD3, CD68, CD206, CD11c, MHC class II (panel 2). d, Analysis workflow of multiplex immunofluorescence staining: (d, left) tissue segmentation to differentiate tumor 
area (red) and the surrounding stroma (green); (d, middle) single cell segmentation (nuclei in green, and membrane in red); (d, right) cell phenotyping based on the 
detection of specific cell-surface or intracellular markers. Magnification, ×100. TIME, tumor immune microenvironment; CRT, chemoradiotherapy.
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estimating the percentage of residual viable tumor of the 
macroscopically identifiable tumor bed as identified in routine 
H&E staining. The extent of tumor regression was classified 
using the Dworak’s tumor regression grading system:15 TRG 0, 
no regression; TRG 1, dominant tumor mass with obvious 
fibrosis and/or vasculopathy; TRG 2, dominant fibrotic 
changes with few tumor cells or groups (easy to find); TRG 3, 
very few (difficult to find microscopically) tumor cells in fibro
tic tissue with or without mucous substance; and TRG 4, no 
tumor cells and only a fibrotic mass (total regression or 
response).

Statistical analysis

Disease-free survival (DFS) was defined as the time from ran
dom assignment to documented recurrence or death, which
ever occurred first. Overall survival (OS) was defined as the 
time from random assignment to the date of death from any 
cause. Survival rates and the corresponding standard errors 
were estimated using the Kaplan–Meier method, and survival 
curves were compared using the log-rank test. Differences 
between the TIME of pretreatment biopsy specimens accord
ing to TRG 0–2 vs. TRG 3–4 were compared using the 
Wilcoxon’s rank-sum test (Mann–Whitney U-test), and the 
differences in TIME between the paired pretreatment biopsy 
specimen and surgical specimen after CRT were analyzed using 
Wilcoxon’s signed-rank test. Univariate and multivariate ana
lyses were performed using Cox proportional hazards regres
sion modeling. Multivariate analysis included age, sex, and 
variables that exhibited a potential association with survival 
(P < .2) in the univariate analysis. The prognostic value of the 
dynamic changes in TIME was evaluated using delta para
meters, which were the subtraction of immune cell subpopula
tion density after preoperative CRT minus its density at 
baseline (delta [Δ] = immune cell subpopulation density after 
preOP CRT – immune cell subpopulation density at baseline). 
The median value was used for determining the cutoff value for 
high (> median) and low (≤ median) immune cell density or 
delta parameters in the current study. All statistical calculations 
were conducted using R version 3.6.2. (R Foundation for 
Statistical Computing, Vienna, Austria, https://www. 
R-project.org/).

Results

Baseline characteristics

The baseline characteristics of the patients are presented in 
Table 1. The median age was 55.5 years (range, 25–81) and 
116 (73.4%) patients were male. The median preoperative 
radiotherapy dose was 5000 cGy (range, 4500–5400), and all 
patients received fluoropyrimidine-based chemotherapy dur
ing preoperative radiotherapy followed by total mesorectal 
excision. Sixty-eight (43.0%) patients had ypStage II disease, 
and the remaining 90 (57.0%) had ypStage III disease. For 
adjuvant chemotherapy, 80 (50.6%) patients received fluorour
acil plus leucovorin and 78 (49.4%) received FOLFOX. At 
a median follow-up duration of 87.2 months (95% CI, 82.8– 
91.8), the 5-year rates of DFS and OS were 60.0% (95% CI, 

52.8–68.3) and 78.4% (95% CI, 72.2–85.1), respectively 
(Supplementary Figure 3).

TIME in pretreatment biopsy samples and response to 
preoperative CRT

The correlation between the TIME of pretreatment biopsy 
specimens and response to preoperative CRT was evaluated 
in 110 patients with available pretreatment biopsy samples 
(Supplementary Table 2, Figure 2). Of these patients, 22 
(20.0%) had a good response to preoperative CRT (TRG 3–4) 
while 88 (80.0%) had a poor response (TRG 0–2). The immune 
cell subpopulations were evaluated separately in the tumor 
compartment (Figure 2a–g). The density of CD3+ T cells, 
total CD4+ T cells, CD4+FoxP3+ regulatory T cells, 
CD4+FoxP3 – helper T cells, CD8+ T cells, dendritic cells, and 
PD-L1+ lymphocytes in the tumor compartment was signifi
cantly higher in patients with a good response than in patients 
with a poor response (P < .05) (Figure 2a–g). In the stromal 
compartment, only the density of PD-L1+ lymphocytes was 
significantly associated with the response to preoperative 
CRT, and higher density was associated with good response 
(P = .009) (Figure 2h). The density of M1 or M2 macrophages 
in both tumor and stromal compartments was not significantly 
associated with response to preoperative CRT (Supplementary 
Table 2). High density of tumor-infiltrating CD4+FoxP3+ reg
ulatory T cells (> median) was associated with higher levels of 
CD3+ T cells, CD8+ T cells, CD4+FoxP3– helper T cells, CD20+ 

B cells, antigen-presenting cells, and dendritic cells compared 
with patients with a low density of tumor-infiltrating 
CD4+FoxP3+ regulatory T cells (Supplementary Table 3). We 
additionally explored the spatial distributions and interactions 
of tumor cells with respect to immune cells using the nearest 
neighbor analysis. Patients with a good response to preopera
tive CRT had a significantly shorter average distance between 
the tumor cells and CD8+ T cells (Supplementary Table 4 & 
Supplementary Figure 4).

Dynamic changes in the TIME after preoperative CRT 
and their prognostic value for DFS

We then evaluated the dynamic changes in the TIME following 
preoperative CRT by analyzing paired pretreatment biopsy and 
surgical resection specimens from 101 patients (Figure 3, 
Supplementary Table 5). As for lymphocytes, the densities of 
CD3+ T cells (P = .03) and CD8+ T cells (P < .001) significantly 
increased after preoperative CRT, while those of CD4+FoxP3+ 

regulatory T cells and CD20+ B cells significantly decreased 
(both P < .001) (Figure 3, a–d, Supplementary Table 4). There 
were no significant changes in the densities of total lympho
cytes, PD-L1+ lymphocytes, PD-L1 – lymphocytes, and 
CD4+FoxP3 – helper T cells (Supplementary Table 5). As for 
tumor-associated macrophages, there was a significant 
decrease in the density of M1 macrophage, whereas the density 
of M2 macrophage significantly increased (P < .05 for all) 
(Figure 3, e and f, and Supplementary Table 5). For the remain
ing immune cell subpopulations, the density of dendritic cells 
increased significantly (P < .05), while there was no significant 
change in the density of antigen-presenting cells (P = .74) 
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(Supplementary Table 5). The dynamic change in TIME was 
similar between patients who achieved a good response to 
preoperative CRT (n = 16, Supplementary Figure 5, 
Supplementary Table 6) and those who achieved a poor 
response (n = 85, Supplementary Figure 6, Supplementary 
Table 7).

To evaluate the prognostic value of the dynamic changes in 
TIME after CRT, we used the delta parameters of the immune 
cell subpopulation. In univariate analysis, the delta values of 
CD3+ T cells, CD8+ T cells, CD4+FoxP3+ regulatory T cells, 
CD20+ B cells, total lymphocytes, PD-L1+ lymphocytes, and 
PD-L1 – lymphocytes showed potential associations with DFS 

(P < .2) (Table 2). Among other clinical factors, age, ypN 
positivity, lymphovascular invasion, and perineural invasion 
showed potential association with DFS. In the multivariate 
analysis including variables with a potential association 
(P < .2) with DFS in the univariate analysis along with sex, 
high delta CD3+ T cells (HR, 0.46; 95% CI, 0.22–0.98, P = .043) 
and high delta PD-L1+ lymphocytes (HR, 0.39; 95% CI, 0.17– 
0.90, P = .027) were independently associated with good DFS, 
while high delta CD4+FoxP3+ regulatory T cell was associated 
with poor DFS (HR, 2.32; 95% CI, 1.09–4.92, P = .028). There 
were significant differences in 5-year DFS of patients with high 
vs. low delta CD3+ T cells (75.5% vs. 52.3%, P = .013), delta 

Table 1. Baseline patient characteristics.

Characteristics Patients with locally advanced rectal cancer treated with chemoradiotherapy (n = 158)

Age, median (range) 55.5 (25–81)

Sex, n (%)
Male 116 (73.4%)
Female 42 (26.6%)

ECOG PS, n (%)
0 1 (0.6%)
1 157 (99.4%)

Distance of the primary tumor from the anal verge (cm), n (%)
≤ 4 49 (31.0%)
> 4 and ≤ 8 82 (51.9%)
> 8 27 (17.1%)

Histology, n (%)
Well-differentiated 19 (12.0%)
Moderately differentiated 130 (82.3%)
Poorly differentiated, signet ring cell, mucinous 6 (3.8%)
Adenocarcinoma, NOS 3 (1.9%)

Preoperative radiotherapy, median dose in cGy (range) 5000 (4500–5400)

Concurrent chemotherapy during preoperative radiotherapy, n (%)
Fluorouracil ± leucovorin 123 (77.8%)
Capecitabine 34 (21.5%)
UFT 1 (0.6%)

Type of surgery, n (%)
Abdominoperineal resection 34 (21.5%)
Low anterior resection 121 (76.6%)
Hartmann’s procedure 3 (1.9%)

Pathologic T stage, n (%)
ypT0 3 (1.9%)
ypT1 4 (2.5%)
ypT2 13 (8.2%)
ypT3 134 (84.8%)
ypT4 4 (2.5%)

Pathologic N stage, n (%)
ypN0 68 (43.0%)
yp1a 31 (19.6%)
yp1b 33 (20.9%)
yp2a 21 (13.3%)
yp2b 5 (3.2%)

ypStage, n (%)
II 68 (43.0%)
III 90 (57.0%)

Lymphovascular invasion, n (%)
Absent 132 (83.5%)
Present 24 (15.2%)
Unidentified 2 (1.3%)

Perineural invasion, n (%)
Absent 119 (75.3%)
Present 37 (23.4%)
Unidentified 2 (1.3%)

Adjuvant chemotherapy, n (%)
FL 80 (50.6%)
FOLFOX 78 (49.4%)

Abbreviations: ECOG PS, Eastern Cooperative Oncology Group Performance Status; NOS, not otherwise specified; UFT, uracil-tegafur; FL, fluorouracil plus leucovorin; 
FOLFOX, oxaliplatin plus fluorouracil and leucovorin.
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CD4+ FoxP3+ regulatory T cells (53.0% vs 74.5%, P = .033), 
and delta PD-L1+ lymphocytes (77.2% vs. 51.4%, P = .005) 
(Figure 4)

Association between DFS and the TIME in surgical 
resection samples after CRT

We further evaluated the prognostic value of immune cell 
subpopulations in the TIME after preoperative CRT in 144 
patients with available surgical resection specimens. In the 
multivariate analysis including age, sex, and variables with 
a potential association (P < .2) with DFS in the univariate 
analysis, high density of PD-L1+ lymphocyte was 

independently associated with good DFS (HR, 0.50; 95% CI, 
0.27–0.91, P = .024) (Supplementary Table 8). Patients with 
high PD-L1+ lymphocytes had a significantly better 5-year DFS 
compared with those with low PD-L1+ lymphocytes (75.7% vs. 
48.1%, P < .001) (Supplementary Figure 7).

Discussion

A better understanding of TIME is essential for optimizing the 
treatment strategy and for designing novel treatment 
approaches for patients with LARC. Although several studies 
have evaluated the clinical implication of the TIME of LARCs, 
they were focused on a limited population of immune cells. 

Figure 2. Correlations between the response to preoperative chemoradiotherapy and the immune cell populations in the tumor compartment (a-g) and stromal 
compartment (h) of pretreatment biopsy specimens. a, CD3+ T cell. b, CD4+ T cell. c, CD4+FoxP3+ regulatory T cell. d, CD4+FoxP3– helper T cell. e, CD8+ T cell. f, Dendritic 
cell. g, PD-L1 tumor-infiltrating lymphocyte. h, PD-L1+ stromal lymphocyte. Boxplots show the medians and the 25th and 75th percentiles; the whiskers extend from the 
hinge to the largest value no further than 1.5 × interquartile range from the hinge.

Figure 3. Dynamic changes in the tumor immune microenvironment after preoperative chemoradiotherapy. a, CD3+ T cell. b, CD8+ T cell. c, CD4+ FoxP3+ regulatory 
T cell. d, CD20+ B cell. e, M1 macrophage. f, M2 macrophage. Boxplots represent the medians and the 25th and 75th percentiles; the whiskers extend from the hinge to 
the largest value no further than 1.5 × interquartile range from the hinge.
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Moreover, data on the dynamic changes in the TIME after 
preoperative CRT in patients with LARC is extremely sparse. 
This study is, to our knowledge, the most comprehensive 
analysis of the clinical significance of pretreatment TIME, 
dynamic changes in the TIME after preoperative CRT, and 
post-preoperative CRT TIME in patients with LARC.

Recently, immunoscore based on tumor-infiltrating CD3+ 

and CD8+ T lymphocytes in the pretreatment biopsy samples 
of LARC patients have been shown to be predictive of the 
response to neoadjuvant treatment and was significantly asso
ciated with survival outcomes.8 In addition to CD3+ and 
CD8+ T lymphocytes, a more comprehensive evaluation of 
various immune cell subpopulations in the TIME was per
formed in the current study. Furthermore, the evaluation of 
the clinical significance of immune cell subpopulations was not 
limited to the tumor compartment but also the stromal com
partment. We demonstrated that the immune cells in the 
tumor compartment were more closely associated with the 
response to preoperative CRT than the immune cells in the 
stromal compartment. Higher levels of T-cell subsets (CD3+, 
CD4+, and CD8+ T cells) and dendritic cells in the tumor 
compartment were significantly associated with a good 
response to preoperative CRT. This is in line with previous 
studies in which tumor-infiltrating lymphocytes including 
CD3+, CD4+, and CD8+ T cells in the pretreatment biopsy 
specimens were found to be sensitive predictive markers for 
response to preoperative CRT.8,16,17 Regarding CD4+ T cells, 
we separately evaluated the value of tumor-infiltrating 
CD4+FoxP3− helper T cells and CD4+FoxP3+ regulatory 
T cells. The observation of better response to preoperative 
CRT in patients with a high density of CD4−FoxP− helper 

T cells may be explained by the proposed role of these cells in 
driving anti-tumor immunity and in supporting anti-tumor 
CD8+ T cell responses.18 However, the better response 
observed in patients with higher levels of CD4+FoxP3+ regula
tory T cell is counterintuitive and is contrary to what has been 
reported for other types of solid tumors.19,20 Nevertheless, it is 
important to note that most of the studies that evaluated the 
prognostic value of tumor-infiltrating CD4+FoxP3+ regulatory 
T cells in colorectal cancer reported that it is associated with 
better survival outcomes.19,21,22 Considering that CD4+ T cells 
and CD8+ T cells might up-regulate FoxP3+ regulatory T cells, 
a high density of tumor-infiltrating CD4+FoxP3+ regulatory 
T cells may reflect a more immune-activated TIME.23 Indeed, 
patients with a high density of tumor-infiltrating CD4+FoxP3+ 

regulatory T cells had higher levels of CD3+ T cells, CD8+ 

T cells, CD20+ B cells, antigen-presenting cells, and dendritic 
cells compared with patients with a low density of tumor- 
infiltrating CD4+FoxP3+ regulatory T cells in the current 
study. This highlights the importance of a comprehensive 
assessment of TIME and suggests that the role of specific 
immune cell populations should be evaluated in conjunction 
with other immune cell populations.

In addition to the density of immune cells in the TIME, 
there is growing evidence that the spatial distribution of tumor 
cells and immune cells is associated with tumor progression 
and response to treatment.24,25 A recent study demonstrated 
that the proximity between CD8+ T cell and tumor cell was 
associated with better survival outcomes in patients with meta
static colon cancer.26 In line with this study, our study showed 
that higher proximity of tumor cells to CD8+ T cells was 
significantly associated with better response to preoperative 

Table 2. Association between the dynamic changes in TIME after preoperative CRT and DFS (n = 101).

Univariate analysis Multivariate analysis

HR (95% CI) P-value HR (95% CI) P-value

Age ≥ 65 0.47 (0.17–1.33) 0.15
Male (vs. Female) 1.51 (0.73–3.13) 0.27
ypT3–4 (vs. ypT0–2) 1.59 (0.49–5.19) 0.44
ypN+ 3.80 (1.73–8.34) 0.001 3.39 (1.46–7.87) 0.005

Distance of the primary tumor from the anal verge
> 4 cm Reference -
≤ 4 cm 1.07 (0.54–2.14) 0.85

Histology
Well-differentiated Reference -
Others 0.81 (0.29–2.30) 0.70

Lymphovascular invasion 3.33 (1.63–6.81) 0.001 2.32 (1. 06–5.10) 0.035
Perineural invasion 2.15 (1.09–4.26) 0.028

Delta parameters* of immune cell subpopulations
High Δ CD3+ T cell 0.42 (0.21–0.85) 0.016 0.46 (0.22–0.98) 0.043
High Δ CD8+ T cell 0.47 (0.34–0.93) 0.032
High Δ CD4+ T cell 0.96 (0.50–1.84) 0.90
High Δ CD4+FoxP3+ regulatory T cell 2.06 (1.04–4.07) 0.037 2.32 (1.09–4.92) 0.028
High Δ CD4+FoxP3– helper T cell 0.78 (0.40–1.50) 0.45
High Δ CD20+ B cell 0.38 (0.19–0.78) 0.008 0.54 (0.26–1.13) 0.10
High Δ tumor-associated macrophage 1.02 (0.53–1.96) 0.95

High Δ M1 macrophage 0.78 (0.40–1.51) 0.46
High Δ M2 macrophage 1.26 (0.65–2.42) 0.49

High Δ antigen-presenting cell 1.44 (0.74–2.80) 0.28
High Δ dendritic cell 0.68 (0.35–1.33) 0.26
High Δ total lymphocyte (T cell + B cell) 0.54 (0.27–1.06) 0.072

High Δ PD-L1+ lymphocyte 0.42 (0.21–0.84) 0.014 0.39 (0.17–0.90) 0.027
High Δ PD-L1 – lymphocyte 0.45 (0.22–0.90) 0.023

High Δ PD-L1+ tumor cell 1.21 (0.63–2.32) 0.57

*Delta parameter [Δ] = immune cell subpopulation density after preOP CRT – immune cell subpopulation density at baseline.
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Figure 4. DFS according to dynamic changes in the tumor immune microenvironment after preoperative chemoradiotherapy. a, Δ CD3+ T cells. b, Δ PD-L1 
+ lymphocytes. c, Δ CD4+Fox3+ regulatory T cells.
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CRT, thereby further supporting the importance of evaluating 
the spatial distribution of tumor and immune cells in TIME.

Numerous preclinical studies have shown that radiotherapy 
with or without chemotherapy can induce immunogenic 
tumor cell death, which is associated with the release of 
damage-associated molecular patterns, neoantigens, and pro- 
inflammatory cytokines.27,28 This leads to the recruitment and 
activation of dendritic cells as well as the infiltration of T cells 
into the tumor microenvironment. The present study supports 
the findings observed in these preclinical studies, as we 
observed significant increases in the densities of CD3+ T cells, 
CD8+ T cells, and dendritic cells and a significant decrease in 
the density of CD4+FoxP3+ regulatory T cells, indicating that 
preoperative CRT altered the TIME into a more immune- 
active status. In addition, a high delta value of CD3+ T cells 
was associated with good DFS, while a high delta value of 
CD4+FoxP3+ regulatory T cells was associated with poor 
DFS, indicating that the degree of changes in the TIME to an 
immune-active status by preoperative CRT is correlated with 
survival outcomes. This significant association between 
dynamic change in TIME and survival outcome may be 
because the dynamic changes in the immune cell population 
may incorporate multiple factors that influence the remodeling 
of TIME to an anti-tumor immune microenvironment, such as 
neoantigen load, adequacy of antigen presentation and co- 
stimulation, and cytokine regulation. Thus, these factors 
should be evaluated in future studies. In addition, our results 
may provide evidence to support the combination of CRT and 
immunotherapy. Indeed, the preliminary report of a recent 
study showed that CRT followed by immune checkpoint inhi
bitor prior to surgery was feasible and resulted in a promising 
pathologic complete remission rate in patients with LARC.29

However, there is also evidence from preclinical studies that 
radiotherapy may induce suppressive immune changes in the 
TIME, such as the induction of TGFb and IDO1 that leads to 
an increase in immune-suppressive cells within the TIME such 
as tumor-associated macrophages.28 In line with the findings in 
the preclinical model, we observed that CRT polarized the 
tumor-associated macrophages from pro-inflammatory M1 
macrophages to immune-suppressive M2 macrophages. This 
suggests that targeting macrophages may result in a synergistic 
effect with radiotherapy. Indeed, several studies have demon
strated that blocking macrophage recruitment to the TIME or 
preventing the differentiation of macrophages into an immu
nosuppressive phenotype resulted in enhanced efficacy of 
radiotherapy in preclinical models.28 Another unique finding 
of the current study is that the density of B cells decreased after 
preoperative CRT, which may also contribute to the immune- 
suppressive TIME. Taken together, preoperative CRT changed 
the TIME into a more immune-active status, but it also had an 
immune-suppressive aspect.

The clinical significance of PD-L1 expression on lympho
cytes has not been well evaluated to date. In the current study, 
high PD-L1+ lymphocyte in the pretreatment biopsy sample 
was significantly associated with good response to preoperative 
CRT and high delta PD-L1+ lymphocyte after CRT was asso
ciated with good DFS. In addition, high density of PD-L1+ 

lymphocytes in surgical specimens after preoperative CRT 
was also associated with good DFS. The better treatment 

response and DFS in patients with high PD-L1+ lymphocytes 
in the current study suggest that PD-L1 positivity of lympho
cytes may have resulted from immune response-induced PD- 
L1 expression, rather than oncogenic signal-mediated up- 
regulation of PD-L1, and reflects a more immune-activated 
TIME.30,31 Similar findings were observed in a recent study, 
which demonstrated that PD-L1 expression on immune cells, 
but not on tumor cells, is a favorable prognostic factor in 
patients with head and neck cancer.32 In addition, there was 
no significant association between PD-L1– lymphocytes and 
response to preoperative CRT or DFS, which further highlights 
the importance of assessing PD-L1 expression in lymphocytes.

This study has several limitations. Although this study was 
based on patients who enrolled in the prospective randomized 
phase II ADORE trial, there may have been a selection bias 
since this study was a post-hoc analysis on patients treated at 
a single center, who represent approximately half of the entire 
ADORE cohort. In addition, according to the study design of 
the ADORE trial, only patients with ypStage II/III disease after 
preoperative CRT were included. However, these are the 
patients who are in most need of TIME assessment as they 
have a high risk for disease progression that requires optimiza
tion of treatment strategies. We also recognize that our pre- 
and post-treatment sample comparisons may have been influ
enced by unavoidable sampling bias. Moreover, the underlying 
mechanism for PD-L1 expression on lymphocytes was not 
evaluated and needs to be elucidated in future studies. 
Furthermore, genomic and molecular analyses were not per
formed. Nevertheless, this study is the first study to compre
hensively evaluate the clinical significance of the TIME and the 
effect of preoperative CRT on the TIME in patients with LARC 
who were uniformly treated with fluoropyrimidine-based pre
operative CRT followed by surgery and adjuvant 
chemotherapy.

In conclusion, the current study demonstrated that tumor- 
infiltrating T cells and dendritic cells were associated with the 
response to preoperative CRT in patients with LARC. 
Preoperative CRT changed the TIME into a more immune- 
active status, but it also had an immune-suppressive aspect. 
The degree of changes in the TIME to immune-active status by 
preoperative CRT was associated with survival outcomes. 
A comprehensive assessment of the TIME and the effects of 
CRT on the TIME in this study provides a framework for 
future studies incorporating strategies such as immunotherapy 
to modulate the TIME in patients with LARC.
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