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Abstract
Immunosurveillance and immunoscavenging prompted by preoperative chemoradiotherapy (CCRT) may contribute to 
improve local control and increase survival outcomes for patients with locally advanced rectal cancer (LARC). In this 
study, we investigated several genotypes of pattern recognition receptors (PRRs) and their impact on therapeutic efficacy in 
LARC patients treated with CCRT. We found that homozygosis of formyl peptide receptor 1 (FPR1) (E346A/rs867228) was 
associated with reduced 5-year overall survival (OS) by Kaplan–Meier analysis (62% vs. 81%, p = 0.014) and multivariate 
analysis [hazard ratio (HR) = 3.383, 95% CI = 1.374–10.239, p = 0.007]. Moreover, in an animal model, we discovered that 
the FPR1 antagonist, Boc-MLF (Boc-1), reduced CCRT therapeutic efficacy and decreased cytotoxic T cells and T effector 
memory cells after chemoradiotherapy treatment. Pharmacologic inhibition of FPR1 by Boc-1 decreased T lymphocyte 
migration to irradiated tumor cells. Therefore, these results revealed that the FPR1 genotype participates in CCRT-elicited 
anticancer immunity by reducing T lymphocytes migration and infiltration, and that the FPR1-E346A CC genotype can be 
considered an independent biomarker for chemo- and radiotherapy outcomes.

Keywords FPR1 · CCRT  · ICD · DAMP · Cancer immunity

Abbreviations
5-fluorouraci  5-FU
CCRT   Concurrent chemoradiotherapy
CRC   Colorectal cancer
DAMP  Danger-associated molecular pattern
DFS  Disease-free survival
FPR1  Formyl peptide receptor 1
GzmB  Granzyme B

ICD  Immunogenic cell death
LARC   Locally advanced rectal cancer patients
LOF  Loss of function
OS  Overall survival
P2RX7  P2X purinergic receptor 7
PRR  Pattern recognition receptors
SNPs  Single nucleotide polymorphisms
TRG   Tumor regression grade
TILs  Tumor-infiltrating lymphocytes

Tao-Wei Ke and K. S. Clifford Chao contributed equally to this 
work.

 * Tao-Wei Ke 
 d18047@mail.cmuh.org.tw

 * K. S. Clifford Chao 
 d94032@mail.cmuh.org.tw

1 Laboratory of Precision Medicine, Ministry of Health & 
Welfare Feng Yuan Hospital, Taichung 42055, Taiwan

2 Cancer Center, China Medical University Hospital, China 
Medical University, Taichung 40402, Taiwan

3 Department of Biomedical Imaging and Radiological 
Science, China Medical University, Taichung 40402, Taiwan

4 Translation Research Core, China Medical University 
Hospital, China Medical University, Taichung 40402, Taiwan

5 Department of Colorectal Surgery, Hsinchu China Medical 
University Hospital, Hsinchu 40402, Taiwan

6 Department of Pathology, China Medical University 
Hospital, China Medical University, Taichung 40402, Taiwan

7 Graduate Institute of Biomedical Science, China Medical 
University, Taichung 40402, Taiwan

8 Department of Colorectal Surgery, China Medical University 
Hospital, China Medical University, Taichung 40402, Taiwan

http://orcid.org/0000-0002-0371-2658
http://orcid.org/0000-0002-0266-3233
http://orcid.org/0000-0002-7162-2566
http://crossmark.crossref.org/dialog/?doi=10.1007/s00262-021-02894-8&domain=pdf


2938 Cancer Immunology, Immunotherapy (2021) 70:2937–2950

1 3

Introduction

Colorectal cancer (CRC) is one of the leading causes of 
death worldwide [1], and ~ 30% of CRC cases are rec-
tal cancer [2]. In locally advanced rectal cancer patients 
(LARC), concurrent chemoradiotherapy (CCRT) followed 
by total mesorectal excision surgery is considered the most 
effective strategy and standard treatment to improve local 
control, better survival, and functional preservation of the 
sphincter [3, 4]. CCRT is the combination of radiotherapy 
and fluorouracil-based chemotherapy [5]. After CCRT, the 
pathologic response is assessed by tumor regression grade 
(TRG) on surgery specimen, and approximately 40–60% 
patients achieved some degree of tumor regression [6, 
7]. However, even in complete tumor regression, which 
greatly decreases the risk of locoregional recurrence, the 
late development of distant metastasis is still a major cause 
of mortality in LARC [8, 9].

In addition to direct damage to tumor cells, cytotoxic 
agents and radiotherapy induce immunosurveillance 
and immunoscavenging, enhancing anticancer immune 
responses to control tumor growth. Many studies have 
reported that recruitment of TILs within the tumor micro-
environment (TME) is associated with the therapeutic effi-
cacy of chemoradiotherapy and correlates with improved 
relapse-free and overall survival in patients with CRC 
[10–12]. Chemotherapy and radiotherapy causes dan-
ger-associated molecular pattern (DAMP) release from 
dying cancer cells to induce immunogenic cell death 
(ICD), which then initiates the immune response, trig-
gers dendritic cell maturation, activates adaptive antitu-
mor responses and recruits tumor-infiltrating lymphocytes 
(TILs) [13–15]. Hence, the release of these DAMPs and 
subsequent perception by pattern recognition receptors 
(PRRs) on immune cells are important processes to initiate 
a series of events involved in antitumor immune responses.

These DAMPs interact with various immune cells by 
PRRs to prime and launch antitumor immunity. For exam-
ple, ATP release attracts DC recruitment via P2X puriner-
gic receptor 7 (P2RX7), calreticulin exposure triggers DC 
uptake via CD91, and HMGB1 release activates the tumor 
antigen presentation process via TLR4 or TIM3 receptor 
[16–18]. Annexin A1 (ANXA1) is a novel DAMP that is 
associated with the therapeutic response to chemotherapy, 
especially anthracycline-based drugs such as mitoxantrone 
and doxorubicin. The ANXA1 receptor formyl peptide 
receptor 1 (FPR1) belongs to the PRRs and plays a key 
regulatory role in innate immunity. In addition, FPR is 
mostly expressed on DC progenitor and myeloid cells and 
mediates neutrophil activation, DC positioning and matu-
ration, and antitumor immunity [19, 20]. Lack of FPR1 or 
blocking with the FPR1 antagonist cyclosporin H (CsH) 

abolished chemotherapy efficacy in breast cancer because 
these dendritic cells are incapable of getting close to dead 
cancer cells for cross-presentation of tumor-associated 
antigens to cytotoxic T lymphocytes, suggesting that the 
interaction between ANXA1 and FPR1 is important for the 
antitumor immune response [19, 21].

Recently, several nonsynonymous single nucleotide poly-
morphisms (SNPs) of PRRs have been reported to influence 
the therapeutic responses to chemotherapy. For instance, 
TLR1-S602I (rs5743618) is associated with the survival out-
come of FOLFIRI plus bevacizumab treatment in metastatic 
CRC patients [22]. A loss of function (LOF) SNP of FPR1-
E346A (rs867228, c. 1037 A > C, p.Glu346Ala, where Ala 
is the LOF allele), was reported to have a negative impact on 
patients with breast cancer receiving anthracycline or oxali-
platin treatment [23, 24]. However, no information regarding 
these SNPs on PRRs is available to evaluate the therapeutic 
efficacy of preoperative CCRT on LARC patients.

In this study, we investigated several germline polymor-
phisms of PRRs that have putative alterations of receptor 
function, including TIM3 (R140L/rs1036199), P2RX7 
(E496A/rs3751143), TLR1 (S602I/rs5743618) and FPR1 
(E346A/rs867228), to evaluate their clinical significance 
and impact on survival outcome after CCRT treatment in 
LARC patients.

Materials and methods

Patient characteristics, clinical staging, treatment, 
and pathological evaluation

From 2006 to 2014, 211 patients with LARC were treated at 
China Medical University Hospital (CMUH). Among these 
patients, 171 received CCRT followed by surgery. Finally, 
130 patients with biopsy-proven LARC available surgical 
tissue, and cT3-4 or cN + were included in this study cohort. 
These patients completed preoperative chemoradiotherapy, 
and radical resection was performed after 6–8 weeks as pre-
viously described [25]. Resected specimen pathologic stag-
ing was based on the American Joint Committee on Cancer 
(AJCC) staging system, and clinical stage based on EUS, 
MRI or CT and the percentage was 7.7%, 13.1% and 79.2%, 
respectively. Biopsy and resected specimens were reviewed 
by pathologists, and their clinical response was assessed 
after the completion of CCRT according to rigorous crite-
ria involving clinical, endoscopic, and radiologic findings. 
Pathologic complete response (pCR) was defined and scored 
by tumor regression grade (TRG) as previously described [6, 
25]. Adjuvant chemotherapy regimens were administered as 
previously described [5, 14]. This study was reviewed and 
approved by the Institutional Review Board (IRB) of CMUH 
[Protocol number: CMUH105-REC2-072].
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Genomic DNA extraction and SNP genotyping

Genomic DNA from non-tumor tissues of rectal cancer 
patients was extracted from two 5 μm thick FFPE slides 
using a  QIAamp® DNA FFPE Extraction Kit (QIAGEN 
GmbH, Hilden, Germany). For SNP genotyping, 10 ng of 
total genomic DNA was used for PCR amplification and was 
performed using the  iPLEX® HS panel on the MassARRAY 
® System (Agena Bioscience, San Diego, CA, USA), which 
employs matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry for amplicon detection (MALDI-
TOF-MS; SpectroACQUIRE, Agena Bioscience). Primers 
designed (Supplementary Table 1) for PCR amplification 
of specific polymorphisms and extension reactions were 
prepared using MassARRAY ® Assay Design Version 3.1 
software (Agena Bioscience, San Diego, CA, USA). Fol-
lowing PCR, SAP addition, and the iPLEX  HS® extension 
reaction, the samples were desalted by resin treatment for 
15 min, spotted onto  SpectroCHIP® Arrays (Agena Biosci-
ence, San Diego, CA), analyzed by mass spectrometry, and 
ultimately interpreted using SpectroTYPER v4.0 software 
(Agena Bioscience, San Diego, CA).

Tissue microarrays immunohistochemistry (IHC)

Tissue microarrays were constructed from pair-matched pre-
CCRT biopsies and post-CCRT surgical tissue from LARC 
patients and IHC was performed using 3 μm sections as 
previously described [14, 26, 27]. The following antibodies 
were used in this study: anti-human  CD8+ (1:100, ab4055, 
Abcam, Cambridge, UK). The stained tissue array sections 
were scored separately by two pathologists blinded to the 
clinicopathological parameters.  CD8+ TILs (no. of TILs/
high-power field) were evaluated at 400 × magnification by 
two pathologists as our previously study described [25]. The 
average number of  CD8+ TILs in five high-power fields was 
included in the evaluation: A count of zero in a high-power 
field was given a score of 0, a count of 1–3 was given a score 
of 1, a count of 4–10 was given a score of 2, and a count 
of > 10 was given a score of 3.

Administration of tumor‑bearing mice 
with concurrent chemoradiotherapy (CCRT) 
and FPR1 blockade

BALB/c mice (female, 4 weeks old) were maintained in 
specific pathogen-free conditions according to the institu-
tional guidelines approved by the China Medical Univer-
sity Institutional Animal Care and Use Committee. Four-
week-old female wild-type BALB/c mice were obtained 
from BioLASCO Taiwan Co (Taipei, Taiwan) and accom-
modated for 1 week for the following experiments. CT26 
cells (5 ×  105 cells/mouse) were suspended in 100 μl of 

50% Matrigel matrix (mixed with PBS) and injected sub-
cutaneously into the left leg of each mouse. Animals were 
randomly assigned to three groups receiving or not receiv-
ing two cycles of the CCRT regimen [5-FU (5-fluorouraci) 
(5 mg/kg, intraperitoneal injection) and 5 Gy on the left legs 
of mice] in combination or not in combination with 25 mg/
kg i.p. Boc-1 (Enzo Life Biosciences, Lausen, Switzerland) 
as described in Fig. 2a. The tumor volume, body weight 
and survival time were measured every 2–3 days, and mice 
were sacrificed on day 19. The tumor volumes were calcu-
lated according to the formula  (width2 × length)/2. The mice 
were sacrificed at the termination of the experiments, and 
the tumor tissues from representative mice were collected 
for immunohistochemistry analysis.

Immunofluorescent staining

All samples were fixed in 10% neutral buffered formalin 
and embedded in paraffin, were cut with 4 μm, deparaffin 
and rehydrated using routine protocols. Antigen retrieval 
was performed with citrate-based antigen unmasking solu-
tion (H3300, Vector Lab, CA, USA) and then used 5% goat 
serum for blocking. Anti-granzyme B antibody (1:100, 
ab4059, Abcam, Cambridge, UK) incubation was performed 
overnight at 4 °C and Alexa 488-conjugated anti-rabbit sec-
ondary antibody was performed at room temperature for 
1 h. The slide was then incubated with anti-CD8a antibody 
(1:100, ab209775, Abcam, Cambridge, UK) overnight at 
4 °C, and Alexa 546-conjugated anti-rabbit secondary anti-
body was performed at room temperature for 1 h. Finally, the 
slides were counterstain with Hoechst 33,342 Fluorescence 
Stain (Thermo Scientific, Massachusetts, USA) and were 
mounted with Vector shield fluorescence mounting medium 
(Vector Labs, CA, USA).

Isolation of tumor‑infiltrating lymphocytes (TILs) 
for FACS analysis

BALB/c experimental mice were sacrificed at day 19 after 
tumor inoculation. Tumor was isolated and weighted from 
the mice, and then placed in petri dish containing blank 
RPMI media at room temperature to keep it in media to 
prevent dehydration. Tumor was minced into small pieces 
(1–2 mm) by beaver blade and filtered through a 70-μm 
strainer, spun down, and then resuspended in blank RPMI 
media. Thereafter, the cell suspensions were layered over 
Ficoll-Paque media, centrifuged at 1,025 g for 20 min, trans-
fer the layer of mononuclear cells into a conical tube and 
added 20 ml with complete RPMI media, and then gently 
mix and centrifuge at 650 g for 10 min for twice. Finally, 
removed the supernatant and resuspended the TILs with 
complete RPMI media.
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Then, TILs were resuspended in 500-μL staining buffer 
(2% BSA, 0.1%  NaN3 in PBS). The cells were stained with 
a surface marker panel, containing CD8a (551,162, BD 
PharMingen, CA, USA), CD44 (E-AB-F1100C, Elabsci-
ence, Texas, USA), CD45 (E-AB-F1136D, Elabscience, 
Texas, USA) and their isotype, A PE Rat IgG2b, κ isotype 
control was included for CD45, FITC Rat IgG2b (E-AB-
F09842D, Elabscience, Texas, USA), a FITC Rat IgG2b, 
κ Isotype Control was for CD44 (E-AB-F09842C, Elabsci-
ence, Texas, USA). Samples were analyzed on the Novo-
cyte 3000 Flow Cytometer analyzer (ACEA bio, CA, USA). 
Finally, % of TILs/tumor weight (%/g) was calculated from 
the percentage of each subtype in TILs by gating CD45+ 
cells and adjusted with the weight of each tumor.

Immature DC and T lymphocyte culture 
and fluorescence labeling

Human monocytic leukemia cell line THP-1 and human T 
cell leukemia Jurkat cell lines were purchased from BCRC 
(Hsinchu, Taiwan). Cells were cultured and maintained in 
RPMI1640 medium supplemented with 10% FCS (Life 
Technologies, Grand Island, New York, USA), 2 mM glu-
tamine, 1 mM sodium pyruvate, 100 U/ml penicillin, and 
100 mg/ml streptomycin at 37 °C in a humidified incubator 
with 95% air and 5%  CO2. Immature DC was generated from 
THP-1 as previously described [28]. Briefly, THP-1 cells 
were differentiated to immature DC by adding with 1500 IU/
ml rhIL-4 (Sino Biological, Beijing, China) and 1500 IU/
ml rhGM-CSF (Sino Biological, Beijing, China) in culture 
medium for at least 7 days, with cytokine-supplemented cul-
ture medium changed every 2–3 days at 37 °C in a humidi-
fied incubator with 95% air and 5%  CO2. For fluorescence 
labeling to detect cells migration, THP-1-derived immature 
DCs and T lymphocytes were labeled with CellTracker™ 
Red CMTPX (Invitrogen, CA, USA) and CFSE (Invitro-
gen, CA, USA) according to the manufacturer’s instructions, 
respectively. Briefly, the cells were harvested by centrifuga-
tion and incubated in serum-free medium with 10 μM Cell-
Tracker™ Red CMTPX or 5 μM CFSE at 37 °C for 30 min 
and then washed with culture medium three times.

Determine the effect of Boc‑1 on immature DC and T 
lymphocyte migration by irradiated tumor cells 
in vitro

Irradiated human colorectal cancer cell lines HCT-116 
cells were co-cultured with fluorescence-labeled THP-
1-derived immature DCs and Jurkat T lymphocytes using 
a Transwell system. Briefly, HCT-116 cells (1 ×  105) were 
seeded and cultured into 24-well 0.4-μm pore size Tran-
swell plate (Corning, CA, USA) for overnight, and then 
exposed to 10 Gy radiation. After 16–18 h incubation, 

CMTPX-labeled immature DCs (1 ×  105) and CFSE-
labeled T lymphocytes (2 ×  105) were added into 5-μm 
pore size inserts on the plate and co-cultured for 24 h 
with or without 20 μM Boc-1. Finally, the lower wells 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature and then observed using inverted fluorescence 
microscopy (Zeiss, Germany). The cell number of imma-
ture DCs and T lymphocytes migration was imaged and 
quantified with five random fields of each well (AxioVi-
sion 4.91 software; Zeiss).

Knockdown FPR1 expression and immunoblotting

For knockdown experiments, FPR1 was silenced with 25 nM 
of siRNA duplex (sense: GUC AGA AUC CGU GAG UUA 
U, antisense: AUA ACU CAC GGA UUC UGA C). A nega-
tive control siRNA was used with no significant sequence 
similarity to human gene sequences. Briefly, the cells 
were transfected with siRNA using Lipofectamine 3000 
(ThermoFisher Scientific, Paisley, Scotland), according to 
the manufacturer’s instructions. After 18 h, the transfec-
tion medium was replaced with a complete medium, and 
the cells were collected for experiments and analyzed by 
immunoblotting. The cell lysates (30 μg) were quantified 
and separated by 10% sodium dodecyl sulfate polyacryla-
mide gel electrophoresis, and then transferred onto a PVDF 
membrane (GE, Amersham, UK). The membranes were 
blocked with 5% non-fat milk, incubated with FPR1 anti-
bodies (1:1000, Abcam, MA, USA) overnight at 4 °C, horse-
radish peroxidase (HRP)-conjugated secondary antibodies 
(1:10,000, GE Healthcare, Amersham, UK) and followed 
by the immobilon western chemiluminescent HRP substrate 
(Millipore, MA, USA) for detection. Finally, the results of 
western blots were detected by the AlphaImager2200 digital 
imaging system (Digital Imaging System, CA, USA) and 
analyzed by ImageJ software (NIH, MD, USA) [25].

Statistical analysis

JMP statistical software version Pro 12 (SAS Institute, NC, 
USA) was used to perform the statistical analyses. All tests 
reported a two-sided p value with a significance level set at 
0.05. Student’s t test, Pearson chi-square test and Fisher’s 
exact test were used for group comparisons. Cox regression 
analysis was used to estimate the hazard ratios (HRs) and 
95% confidence intervals (CIs) for univariate and multivari-
ate models. Influential factors that affected the rectal can-
cer patient survival rate were adjusted in the Cox models. 
Weibull parametric model was used for estimating the 5-year 
OS and DFS probability. The univariate comparison was 
performed using the log-rank test.
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Results

Clinical characteristics and genotype of PRRs 
in LARC patients

We designed several primers to identify immune-related 
candidate genetic defects associated with therapeutic 
responses to chemoradiotherapy. These genetic poly-
morphisms of PRRs, namely, TIM3 (R140L/rs1036199), 
P2RX7 (E496A/rs3751143), TLR1 (S602I/rs5743618) 
and FPR1 (E346A/rs867228), are nonsynonymous single 
nucleotide polymorphisms (SNPs). DNA was extracted 
and genotyped from adjacent normal tissues of rectal 
cancer patients, surgery specimens after CCRT treated 
(n = 130). The individual genotypes and allele frequencies 
were shown and consistent with the global allele frequen-
cies in Table S2, which was classified based on the NCBI 
dbSNP and ClinVar database. The genotype TT of TIM3 
(rs1036199), AA of P2RX7 (rs3751143), TT of TLR1 
(rs5743618) and CC of FPR1 (rs867228) were prevalent 
among LARC patients.

Table 1 presents the clinicopathological characteristics 
and genotype group of TIM3, P2RX7, TLR1, and FPR1 
within the LARC patients (n = 130). The median radia-
tion dose was 50.4 Gy administered in 28 fractions (mini-
mum dose: 44.8 Gy; maximum dose: 50.4 Gy). Concur-
rent chemotherapy was infusional 5-fluorouracil in 9% of 
patients, UFT in 39% of patients, and capecitabine in 44% 
of patients. The mean age at diagnosis was 59.7 ± 12.6 years 
(range, 31–90 years). The majority of the patients were men 
(67%). The surgical specimens were reviewed and scored 
based on the Tumor Regression Grade (TRG) system [7]. 
After CCRT treatment following by surgery, only 13 patients 
(10%) presented a pathologic complete response (TRG 4, no 
residual tumor), and 13 patients (10%) also presented a clini-
cal complete response, while 47 patients (36%) presented 
with lymph node metastases. Moreover, 55 patients (43%) 
exhibited distant metastasis within 10 years.

In the SNP genotype analysis, the recessive model was 
used to classify these SNP genotypes. No correlation was 
observed between clinicopathological parameters and 
P2RX7-E496A or TLR1-S602I genotype. LOF CC geno-
type of FPR1-E346A was significantly correlated with 
clinical stage, chemotherapy, and  CD8+ TILs.

The CC Genotype of FPR1‑E346A is significantly 
associated with survival outcome, TRG, and  CD8+ 
TILs in LARC 

The estimated 5-year disease-free survival (DFS, the time 
to cancer recurrence or death after diagnosis) and overall 

survival (OS) rates of CCRT-treated LARC patients were 
63% and 59%, respectively (Table 2). The median fol-
low up was 67.8 months (3.2 to 141.5 months). Among 
the clinicopathological parameters, we found that the 
pT stage, pN stage, clinical response, TRG, histological 
grade, lymphovascular invasion (LVI), perineural invasion 
(PNI) and pre-CCRT  CD8+ TILs were remarkably asso-
ciated with 5-year DFS and OS after CCRT treatment in 
LARC patients (Table 2). Among the 4 genetic polymor-
phisms of PRRs, only the CC genotype of FPR1-E346A 
was markedly associated with a worse 5-year overall sur-
vival (OS) by Kaplan–Meier survival analysis (Fig. 1). 
Furthermore, we analyzed the correlation between these 
clinicopathological parameters and FPR1 genotype by 
odds ratio. Poor TRG and low  CD8+ TILs in the pre-CCRT 
group were significantly associated with patients carry-
ing CC genotype of FPR1-E346A. The odds ratios were 
2.521 (95% CI = 1.163–5.473, p = 0.017) and 2.294 (95% 
CI = 1.036–5.076, p = 0.039), respectively (Table 2). These 
results suggested that the FPR1-E346A CC genotype was 
associated with shortened overall survival, less  CD8+ 
TILs in the tumor microenvironment, and poor pathologic 
response of LARC patients with CCRT treatment.

Prognostic impact of the FPR1 polymorphism 
on LARC patients who received CCRT treatment

As shown in Table 3, the pT3-4 stage, positive pN stage, 
poor clinical response, poor TRG, poor differentiation, pres-
ence of lymphovascular invasion (LVI), presence of perineu-
ral invasion (PNI), and low pre-CCRT  CD8+ TILs exhibited 
a significantly higher risk in 5-year DFS and 5-year OS by 
univariate analysis. Only FPR1-E346A CC genotype had a 
notably higher risk in 5-year OS among the 4 PRRs.

Subsequently, we examined these parameters by multi-
variate Cox regression analysis to clarify the independent 
prognostic factors for LARC patients who received CCRT 
treatment. Our results showed that PNI (HR = 2.163, 95% 
CI = 1.027–4.668, p = 0.042) was an independent prog-
nostic factor of 5-year DFS. FPR1-E346A CC genotype 
(HR = 3.383, 95% CI = 1.364–10.239, p = 0.007) was an 
independent prognostic factor of 5-year OS for LARC 
patients (Table 3). These data strongly indicated that the 
FPR1-E346A polymorphism has significant prognostic value 
for LARC patients following CCRT treatment.

Pharmacologic blockade of FPR1 signaling 
markedly led to tumor growth after concurrent 
chemoradiotherapy in vivo

To further validate that the therapeutic efficacy of concur-
rent chemoradiotherapy (CCRT) was modulated by FRP1 
signaling to trigger antitumor immunity, we used Boc-MLF 
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(Boc-1), a mouse FPR1 antagonist, to mimic the loss of 
function of FPR1-E346A. The concurrent chemoradio-
therapy regimen and Boc-1 treatment on BALB/c mice is 
described in Fig. 2a. We found that tumor volume was dra-
matically reduced in mice receiving CCRT (Fig. 2b). How-
ever, with Boc-1 treatment, the regression of tumor volume 
was markedly reduced compared to those mice that received 
CCRT only (Fig. 2b). Similarly, the resected tumor showed 
that tumor weight was significantly increased in the CCRT/
Boc-1 group on day 19 compared to the mice that received 
CCRT only (Fig. 2c). To further examine antitumor immu-
nity and the phenotype of T cells within the TME, the sta-
tus of T cells within resected tumor were evaluated by flow 
cytometry including  CD8a+ cytotoxic T cells and  CD8a+ 
 CD44+ effector memory T cells [29–31]. We found that 
CCRT remarkably enhanced the density of  CD8a+ T cells 
or  CD8a+  CD44+ T cells infiltration. But the infiltration of 
 CD8a+ T cells and  CD8a+  CD44+ T cells was significantly 
decreased in CCRT/Boc-1-treated group (Fig. 2d, e). Moreo-
ver, the activated T cells  CD8a+ and granzyme B (GzmB) 
within resected tumors was examined by immunofluores-
cent stain. We found that CCRT significantly promoted the 
number of  CD8a+ and  CD8a+  GzmB+ TILs in the central 
tumor region. But the number of  CD8a+ and  CD8a+  GzmB+ 
TILs was also remarkably reduced in CCRT/Boc-1-treated 
mice (Fig. 2f, h). These results indicated that FPR1 may par-
ticipate for chemoradiotherapy-induced lymphocyte infiltra-
tion and affects the therapeutic efficacy of CCRT, especially 
cytotoxic and effector memory T cells. Taken together, these 
results showed the FPR1 signaling pathway may be impor-
tant for chemoradiotherapy-induced antitumor immunity.

FPR1 inhibition decreased T lymphocyte migration 
to irradiated tumor cells in vitro

Previous studies have demonstrated that radiotherapy-
induced release of DAMPs, such as HMGB1 contributes to 
enhance anti-tumor immunity by increasing recruitment and 
maturation of immune cells, especially dendritic cells [32]. 
To determine the influence of Boc-1 on immature DC and T 
lymphocytes, we analyzed whether THP-1-derived immature 
DCs (THP1-iDCs) and Jurkat T lymphocytes can be attracted 
by irradiated HCT116 cells. HCT116 cells were seeded on 
the lower chamber of a Transwell and irradiated with 10 Gy 
radiation. After overnight incubation, the CMTPX–labeled 
THP1-iDCs and CSFE-labeled Jurkat T lymphocytes were 
seeded on the upper wells. After 24 h incubation with or 
without 20 μM Boc-1, the migration ability of THP1-iDCs 
and Jurkat T lymphocytes (upper well) toward irradiated 
HCT116 cells (lower well) was analyzed. We found that the 
Boc-1 did not affect the migration of THP1-iDC (Fig. 3a), 
but significantly reduced the recruitment of Jurkat T lym-
phocytes (Fig. 3b). Moreover, in the THP1-iDCs and Jurkat pN
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Table 2  The relationship between clinicopathologic parameters, PRRs genotype and 5-year DFS and OS

pN stage: positive (Stage 1a + 1b + 2) Versus negative (Stage 0); Clinical response: Good response (complete response and partial response) 
Versus Poor response (stable disease and progression disease); TRG: Good response (TRG 3–4) Versus Poor response (TRG 1–2);  CD8+ TILs: 
high (grade 2 + 3) Versus low (grade 0 + 1); Weibull parametric model was used for estimating survival probability, and p value was obtained 
from log-rank test. Logistic regression was used for the odd ratio and 95% confidence interval (CI), and p value was obtained from Pearson’s chi-
square test. NA: not available. The contrast test did not include the “NA” group

Clinicopathologic parameter Total case 5-year
DFS %

p value 5-year
OS %

p value FPR1 CC genotype (E346A/rs867228)

Odd ratio (95% CI) p value

130 63% 59%
Age 0.822 0.142 0.0559
  ≥ 65 44 65% 62% 0.487 (0.232–1.022)
  < 65 86 63% 74% 1
Sex 0.656 0.025* 0.986
 Female 43 66% 83% 0.993 (0.471–2.093)
 Male 87 62% 64% 1

pT stage 0.0003* 0.0001 0.9
 T3-4 76 50% 58% 1.046 (0.5123–2.132)
 T0-2 54 83% 87% 1

pN stage  < 0.0001* 0.0003* 0.658
 Positive 47 38% 52% 1.179 (0.568–2.443)
 Negative 83 78% 80% 1

Histological grade 0.006*  < 0.0001* 0.634
 Poor 8 20% 5% 1.419 (0.336–5.986)
 Moderate to well 106 64% 71% 1
 Unknown 16

Clinical response 0.006* 0.018* 0.628
 Poor response 69 52% 61% 1.190 (0.589–2.404)
 Good response 61 76% 68% 1

TRG 0.029* 0.0001* 0.017*
 Poor response 46 52% 31% 2.521 (1.162–5.473)
 Good response 84 70% 80% 1

Lymphovascular invasion (LVI)  < 0.0001*  < 0.0001* 0.162
 Present 31 31% 37% 1.817 (0.775–4.261)
 Absent 99 74% 80% 1

Perineural invasion (PNI)  < 0.0001* 0.0009* 0.102
 Present 35 29% 50% 1.959 (0.861–4.455)
 Absent 95 76% 77% 1

pre-CCRT  CD8+ TILs 0.005* 0.007*
 Low 86 58% 65% 2.294 (1.036–5.076) 0.039*
 High 37 86% 88% 1
 NA 7

post-CCRT  CD8+ TILs 0.194 0.542
 Low 73 61% 69% 1.396 (0.614–3.171) 0.423
 High 38 75% 76% 1
 NA 19

TIM3 SNP (R140L/rs1036199) 0.669 0.361 0.271
 TT 109 63% 81% 0.565 (0.2–1.596)
 GG + GT 21 62% 67% 1

P2RX7 SNP (E496A/rs3751143) 0.383 0.782 0.143
 GG 6 83% 63% 0.569(0.268–1.211)
 AA + AG 124 62% 70% 1

TLR1 SNP (S602I/rs5743618) 0.757 0.241 0.377
 TT 107 62% 67% 0.658(0.257–1.685)
 GG + GT 23 69% 82% 1

FPR1 SNP (E346A/rs867228) 0.178 0.014* –
 CC 73 58% 62% –
 AA + AC 55 69% 81% –
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T lymphocytes co-culture, we observed that THP1-iDC were 
surrounded by Jurkat T lymphocytes in the lower chamber 
in the control group, but this phenomenon was found to a 
lesser extent in the Boc-1-treated group (Fig. 3c). These 

data indicated that Boc-1 affects T cell recruitment toward 
irradiated HCT116 cells. For realizing the impact of FPR1 
expression on the migration ability of THP1-iDC and Jur-
kat T lymphocytes, we transient transfected siRNA carrying 

Fig. 1  The association between disease-free survival (DFS), over-
all survival (OS) and FPR1 genotypes in LARC a Kaplan–Meier 
curve showed that the FPR1-E348A CC genotype is associated with 

10-year DFS. b Kaplan–Meier curve showed that the FPR1-E348A 
CC genotype is associated with 10-year OS

Table 3  Univariate and multivariate of PRRs genotype and clinicopathological parameters in 5-year DFS and OS

Variable No. at Risk Disease-free survival Overall survival

HR 95% CI p value HR 95% CI p value

Univariate
Age (≥ 65 vs < 65) 130 0.932 0.489–1.697 0.823 1.612 0.832–3.045 0.152
Sex (Male vs Female) 130 1.153 0.628–2.231 0.652 2.479 1.157–6.131 0.018*
pT stage (T3-4 vs T1-2) 130 3.558 1.796–7.860 0.0001* 3.829 1.786–9.473 0.0003*
pN stage (Positive vs Negative) 130 3.476 1.933–6.412  < 0.0001* 3.116 1.642–6.044 0.0005*
Histological grade (Poor vs Moderate to well) 114 3.176 1.199–7.039 0.023* 5.792 2.296–12.786 0.0006*
Clinical response (Poor response vs Good response) 130 2.367 1.288–4.578 0.005* 2.239 1.154–4.603 0.017*
TRG (Poor response vs Good response) 130 1.884 1.050–3.367 0.034* 3.551 1.868–6.956 0.0001*
Lymphovascular invasion (Present vs absent) 130 3.522 1.948–6.304  < 0.0001* 4.411 2.314–8.407  < 0.0001*
Perineural invasion (Present vs absent) 130 4.333 2.415–7.813  < 0.0001* 2.836 1.475–5.373 0.002*
TIM3-R140L genotype (TT vs GG + GT) 130 0.983 0.467–2.404 0.968 1.615 0.642–5.412 0.335
P2RX7-E496A genotype (GG vs AA + AG) 130 0.852 0.432–1.580 0.621 1.223 0.198–4.001 0.788
TLR1-S602 genotype (TT vs GG + GT) 130 1.135 0.541–2.774 0.754 1.842 0.733–6.177 0.210
FPR1-E346A genotype (CC vs AA + AC) 128 1.513 0.836–2.845 0.173 2.407 1.208–5.212 0.012*
pre-CCRT  CD8+ TILs (Low vs High) 123 3.539 1.518–10.317 0.002* 3.805 1.501–12.814 0.003*
Multivariate
pT stage (T3-4 vs T1-2) 106 2.670 0.793–9.004 0.111 3.165 0.919–11.512 0.067
pN stage (Positive vs Negative) 106 1.688 0.772–3.755 0.189 1.983 0.841–4.773 0.117
Histological grade (Poor vs Moderate to well) 106 1.313 0.362–3.816 0.648 1.931 0.603–5.305 0.247
Clinical response (Poor response vs Good response) 106 1.518 0.519–3.094 0.425 1.914 0.643–5.099 0.230
TRG (Poor response vs Good response) 106 1.239 0.355–1.864 0.611 2.340 0.943–5.887 0.066
Lymphovascular invasion (Present vs absent) 106 1.083 0.472–2.451 0.847 1.586 0.663–3.788 0.297
Perineural invasion (Present vs absent) 106 2.163 1.027–4.668 0.042* 1.056 0.499–2.250 0.884
FPR1-E346A genotype (CC vs AA + AC) 106 1.657 0.785–3.755 0.189 3.383 1.364–10.239 0.007*
pre-CCRT  CD8+ TILs (Low vs High) 106 2.456 0.929–8.468 0.071 2.376 0.791–10.241 0.131
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negative control (NC) and siFPR1 into THP1-iDC and Jurkat 
T lymphocytes, we found that both THP1-iDC and Jurkat 
cell expressed FPR1. The knockdown efficiency of siFPR 
is ~ 50–70% (Fig. 3d). Moreover, knockdown of FPR1 sig-
nificantly inhibited the migration ability in both THP1-iDC 
and Jurkat T lymphocytes (Fig. 3e, f). These results sug-
gested that FRP1 was expressed on immature DC and T 
lymphocytes to regulate cells migration. Hence, FPR1 may 
participate in CCRT-induced DC and T cell infiltration.

Discussion

In this study, we verified that loss of function of FPR1-
E346A by homozygosis was associated with shortened OS 
and DFS, decreased  CD8+ effector T cell infiltration and 
attenuated therapeutic efficacy of CCRT treatment. Further-
more, we examined the role of FPR1 in antitumor immunity 
during concurrent chemoradiotherapy treatment in vivo. We 
found that pharmacological inhibition of FPR1 by Boc-1 
dramatically reduced the therapeutic efficacy of CCRT and 

Fig. 2  FPR1 signaling is required for TIL infiltration and antitumor 
immunity in  vivo. a The graphic scheme of the concurrent chemo-
radiotherapy regimen on BALB/c mice. b Tumor growth of CT26-
driven colon carcinoma established in BALB/c mice (n = 5 per group) 
that were treated with concurrent chemoradiotherapy [CCRT, 5-FU 
(5 mg/kg) and 5 Gy for 2 fractions or CCRT/Boc-1 (25 mg/kg FPR 
inhibitor one hour before 5-FU). Tumor growth is calculated as the 
mean tumor volume ± SD over time. ***p < 0.001. ANOVA test. c 
Resected tumors were extracted and examined (n = 5). ***p < 0.001. 
ANOVA test. d TILs were isolated from resected tumors and ana-

lyzed by flow cytometry. Dot plot of  CD8a+ and  CD44+ TILs was 
based on the gating of  CD45+ cells. e Statistical analyses of  CD8a+ 
and  CD8a+  CD44+ TILs density in resected tumors (n = 3 per group). 
The density (%/cm3) was calculated by percentage of the cells and 
adjusted by each tumor weight, which 1  g tumor is approximately 
1 cm3. ***p < 0.001, **p < 0.01, *p < 0.05. ANOVA test. f Immu-
nofluorescence stain with  CD8a+ and granzyme B in the central 
tumor region. g and h The number of  CD8a+ or  CD8a+/granzyme 
B TILs was counted under high-power-field microscopy (n = 5). 
***p < 0.001. ANOVA test
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decreased the recruitment of cytotoxic and effector/memory 
T lymphocytes in vivo and inhibited T cell migration to irra-
diated tumor cells in vitro. Hence, blockade of FPR1 may 
influence the therapeutic efficacy of radiotherapy by sup-
pressing anticancer immunity.

Several studies have demonstrated that FPR1 is necessary 
for chemotherapy-induced antitumor immunity. Blockade 
of FPR1 attenuated chemotherapy efficacy in breast cancer 
[21, 33]. FPR1-E346A was also reported to have a negative 
impact on anthracycline or oxaliplatin treatment in patients 
with breast cancer and colorectal cancer [24, 34]. In our 
clinical results, we found that FPR1-E346A in homozygosis 
is associated with a worse DFS and OS after CCRT, and 
these results indicated that FPR1-E346A reduced the anti-
cancer efficacy of CCRT. In addition, in an in vivo study, 
we used Boc-1 to block mouse FPR1 function before and 

during CCRT treatment and found that CCRT together with 
Boc-1 did not effectively inhibit tumor growth compared 
to CCRT treatment alone. Blocking FPR1 function signifi-
cantly reduced the therapeutic efficacy of CCRT. Our find-
ings indicated that the function of FPR1 can be considered 
an independent factor for therapeutic outcome for CCRT-
treated LARC patients.

Regarding antitumor immunity, radiotherapy is a more 
effective strategy than chemotherapy because radiation 
triggers more immune responses by DAMPs and some-
times has abscopal effects on non-irradiated tumors. Hence, 
radiation is considered as in situ vaccination by inducing 
ICD, exposing DAMPs, recruiting myeloid cells, and prim-
ing T lymphocytes [32, 35]. Similarly, CCRT is a powerful 
therapeutic strategy, which enhances adaptive immunity. 
Therefore, CCRT creates an ideal in situ tumor vaccination 

Fig. 3  FPR1 blockade affects T cells recruitment and closed con-
tact formation with DCs in  vitro.HCT116 cells were seeded and 
irradiated (10 Gy) on the lower well of Transwell for overnight cul-
ture. The CMTPX–labeled (Red) THP1-iDCs and/or CSFE-labeled 
(Green) Jurkat T lymphocytes were seeded on the upper wells for 
24 h incubation. a The number of migrated THP1-iDCs into irradi-
ated HCT116 cells with or without 20  μM Boc-1 treated (n = 5). 
Unpaired t test. b The number of migrated Jurkat T cells into irra-
diated HCT116 cells with or without 20  μM Boc-1 treated (n = 5). 
**p < 0.01 and ***p < 0.001. Unpaired t test. These data were 

obtained from at least three independent experiments. The values rep-
resent the means ± S.D. c The closed contact between THP-1-derived 
immature DCs and Jurkat T lymphocytes within irradiated HCT116 
cells (200X). Scale bars = 20 μm. d Immunoblotting analysis of FPR1 
expression. THP1-iDCs and Jurkat T lymphocytes were transfected 
with siRNA against negative control (NC) and FPR1. e The number 
of THP1-iDCs-siNC, THP1-iDCs-siFPR1, Jurkat-siNC and Jurkat-
siFRP1 migrated into irradiated HCT116 cells (n = 3). ***p < 0.001. 
Unpaired t test. The values represent the means ± S.D
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microenvironment for reinvigorating the immune system to 
achieve systemic tumor regression and abscopal effects.

The expression of FPR1 has been reported to be important 
for the differentiation of monocytes to dendritic cells and 
macrophages and the recruitment of neutrophils [36, 37]. 
FPR1 is a G-protein-coupled receptor (GPCR) and E346 is 
located at the extreme C-terminus of FPR1. E346A exchange 
largely reduces the constitutive activity of FPR by altering 
the interaction with  Gi-proteins and is considered as a loss 
of function substitution and causes defective signal transduc-
tion [38]. Vacchelli et al. proved that FPR1-deficient DCs 
did not lose their recruitment ability toward chemotherapy-
treated dying cancer cells, but failed to approach and estab-
lish stable contact with dying cancer cells to elicit antitumor 
T cell immunity [24]. Moreover, Lee et al. found that FPR1 
is expressed in cytosol and/ or nucleus on T cells and trig-
gered surface expression and migration by agonist stimula-
tion, but decreased migration on FPR1-knockdown of naïve 
 CD4+ T cells [39]. Our results confirmed either blockade of 
FPR1 by Boc-1 or FPR1-knockdown could decrease T cells 
migration toward irradiated tumor cells in vitro. Consist-
ently, the results of our animal study showed that blockade 
of FPR1 obviously decreased  CD8a+ TILs infiltration within 
the tumor microenvironment and reduced tumor regression 
after CCRT treatment in vivo, especially cytotoxic and effec-
tor/memory T cells. Our clinical study also showed that the 
loss of function FPR1-E346A was correlated with less  CD8+ 
TILs and worse survival outcome after CCRT treatment. 
Therefore, deficiency of FPR1 function may affect T cells 
migration toward dying tumor cells, and decrease the infil-
tration of cytotoxic and effector/memory T cells into tumor. 
Hence, we believe that FPR1-E346A may lead to insuffi-
cient T cell-mediated antitumor immunity and attenuate the 
immunosurveillance and immunoscavenging ability, and 
finally affect the therapeutic efficacy of CCRT.

Based on the present results, we demonstrate that the 
FPR1 polymorphism participates in CCRT-elicited antitu-
mor immunity and can be considered an independent bio-
marker of therapeutic outcome. Functional FPR1 may be 
a key point for achieving an effective anticancer immune 
response. Unfortunately, over 50% of patients with LARC 
carried the FPR1-E346A variant and displayed poor prog-
nosis with CCRT treatment. Hence, FPR1 genotype evalu-
ation may help in stratifying and improving the therapeutic 
efficacy of CCRT in LARC patients.
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