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ABSTRACT
Background Distant metastasis is the major cause of 
mortality in patients with locally advanced rectal cancer 
(LARC) following neoadjuvant chemoradiotherapy. 
Local radiotherapy can trigger an abscopal response to 
metastatic tumor cells. However, the abscopal effect is 
a rare event. CD4+ regulatory T (Treg) cell is a highly 
immune- suppressive subset which impedes immune 
surveillance against cancer, prevents the development 
of effective antitumor immunity and promotes tumor 
progression. We assume that the exploitation of the 
proimmunogenic effects of radiotherapy with anti- CD25 
or anti- Cytotoxic T- Lymphocyte Associated Protein 4 (anti- 
CTLA4) monoclonal antibodies (mAbs) may enhance the 
local and abscopal effects in rectal cancer and improve the 
therapeutic outcome.
Methods mRNA expression profiling of 81 pretreatment 
biopsy samples from LARC patients who received 
neoadjuvant radiotherapy (nRT) was performed to analyze 
the correlation between gene expression and prognosis. 
A retrospective analysis of patients with rectal cancer 
with distant metastasis or synchronous extracolonic 
cancers was performed to evaluate the abscopal effect 
of radiotherapy on rectal cancer. Two different dual- 
tumor mouse models were established to investigate the 
efficacy of single dose and dose- fractionated radiotherapy 
combined with anti- CD25 or anti- CTLA4 and anti- 
Programmed cell death 1 ligand 1 (anti- PD1) mAbs on the 
local tumor growth and liver metastasis. The univariate 
Cox regression analysis, one- way analysis of variance, 
Dunnett’s test, a mixed- effect linear model and Kaplan- 
Meier survival analysis were used to calculate p values.
Results The proportion of Tregs in pre- nRT biopsies 
was negatively correlated with prognosis (p=0.007). 
The retrospective analysis showed that regressing 
liver metastases were infiltrated by CD8+ T cells. In 
contrast, stable/progressing metastases and synchronous 
extracolonic cancers were characterized by PD1+ T 
cells and Tregs infiltration. Animal experiment results 
demonstrated that the combination of radiotherapy and 
anti- CD25/CTLA4 mAb resulted in a significant increase 
in CD8+ T cells and CD8+/CD4+ ratio in primary and 
secondary tumors compared with the irradiation alone 
group (all p<0.05 or p<0.01). The combined treatment 
was able to decrease Tregs, PD1+CD8+ and PD1+CD4+ 
T cells (p<0.05), suppress locally irradiated and distal 

unirradiated tumor growth, and improve overall survival 
rate. Radiotherapy in conjunction with anti- CTLA4 reduced 
liver metastasis (p<0.05).
Conclusions These data indicated that radiotherapy 
plus depletion of Tregs was able to improve the antitumor 
response and generate an abscopal effect.

BACKGROUND
Colorectal cancer (CRC) is one of the most 
common types of carcinoma throughout 
the world. Neoadjuvant chemoradio-
therapy (nCRT), followed by surgery with 
a total mesorectal excision (TME), has 
become the standard treatment for locally 
advanced rectal cancer (LARC).1 Although 
nCRT significantly improved patients’ local 
recurrence- free survival, neither overall 
survival (OS) nor metastasis- free survival 
showed improvement.2–4 More attention has 
turned to improve distant disease control and 
OS, leading to the search for more effective 
treatment strategies.

Many previous works indicate that radio-
therapy could produce systemic, immune- 
mediated antitumor and antimetastatic 
effects.5 Local radiotherapy may cause regres-
sion of metastatic cancer at distant sites that 
are not irradiated. This effect is called the 
abscopal effect. The abscopal effect has been 
reported for several cancers, including mela-
noma,6 renal cell carcinoma,7 breast cancer,8 
hepatocellular carcinoma9 and other meta-
static solid tumors.10 There are only 46 cases 
of the clinical abscopal effects from radio-
therapy reported between 1969 and 2014.11 
Radiotherapy can enhance antitumor immu-
nity, but can also induce immunosuppressive 
responses which result in antitumor CD8+ T 
cells primed by radiotherapy being unable to 
overcome the suppressive effect in the tumor 
microenvironment.12
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The discovery that combining radiotherapy with check-
point blockade may enhance the abscopal effect has 
generated great interest.13 Many preclinical studies have 
investigated different combination regimens in various 
types of cancer. Radiation and dual checkpoint blockade 
by anti- CTLA-4 and anti- Programmed cell death 1 ligand 
1 (anti- PD- L1) or anti- PD-1 improved responses and long- 
term survival of mice with melanoma due to anti- CTLA-4- 
mediated depletion of intratumoral regulatory T (Treg) 
cells, and reinvigoration of exhausted T cells by anti- 
PD- L1.13 The combination of an agonist αCD40 antibody, 
RT and dual immune checkpoint blockade (ICB) with 
αCTLA-4 and αPD-1 eradicated irradiated and unirradi-
ated pancreatic ductal adenocarcinoma, generating long- 
term immunity.14 Abscopal responses were reported in 
mice bearing breast, melanoma and colorectal bilateral 
tumors following local radiation to one tumor combined 
with an agonistic anti- CD137 (4- 1BB) and a neutralizing 
PD-1 antibody.15

Here, we analyzed prognosis associated gene expres-
sion by mRNA expression profiling of pre- neoadjuvant 
radiotherapy (nRT) biopsies and their enriched pathway. 
Measurement of serum cytokine/chemokine level and 
analysis of tumor infiltrating lymphocytes (TILs) were 
performed to investigate the influence of the tumor envi-
ronment on the outcome of rectal cancer patients treated 
with nCRT. A retrospective analysis of patients with rectal 
cancer with distant metastasis or synchronous extraco-
lonic cancers was performed to evaluate the abscopal 
effect of radiotherapy on rectal cancer. We investigated 
the efficacy of radiotherapy in combination with tran-
sient Treg depletion transiently using anti- CD25 on local 
and distant tumor responses as well as animal survival. 
We further investigated the efficacy of radiotherapy 
combined with anti- CTLA4 and PD1 on inhibiting and 
preventing liver metastasis.

METHODS AND MATERIALS
Patients and samples
All patients were informed prior to the study and a 
consent form was signed by each participant.

Cohort 1 was composed of biopsy samples from 81 LARC 
patients before nRT and resection. All the samples were 
from patients who received nRT and surgical resections 
between 2004 and 2010 at the Peking University Cancer 
Hospital and Institute (Beijing, China). Inclusion criteria 
were: (1) pathological confirmation of rectal adenocarci-
noma; (2) tumor staged as T3–4 or any T, n+ by endorectal 
ultrasonography, pelvic MRI or CT; (3) no evidence of 
distant metastasis. Patients with the following characteris-
tics were excluded: (1) previous chemotherapy or pelvic 
radiation; (2) presence of any other malignant disorders 
or other chronic diseases. All patients were treated with 
intermediate- fraction nRT (30 Gy/10 fractions), followed 
by a TME surgery. The samples were used for microarray 
analyzes. Biopsies were collected by proctoscopy and 

stored immediately in RNAlater (Qiagen) and then 
stored at −80°C until use.

Cohort 2 consisted of 90 LARC patients who received 
nCRT and surgical resections between 2014 and 2016. 
Inclusion criteria were: (1) pathological confirmation 
of rectal adenocarcinoma; (2) tumor staged as T3–4 or 
any T, n+ by endorectal ultrasonography, pelvic MRI or 
CT; (3) no evidence of distant metastasis. Patients with 
the following characteristics were excluded: (1) previous 
chemotherapy or pelvic radiation; (2) presence of any 
other malignant disorders or other chronic diseases. The 
radiotherapy regimen consisted of a 50.6 Gy dose deliv-
ered in 22 fractions with concurrent capecitabine treat-
ment at a dose of 825 mg/m2 orally two times a day for 5 
weeks. Blood samples from pretreatment and paired post-
operation were collected and processed within 1 hour 
based on protocols of NCI’s Early Detection Research 
Networks. Sera obtained were aliquoted immediately 
and stored at −80°C until used for cytokine/chemokine 
measurement.

To evaluate the abscopal effect of radiotherapy on rectal 
cancer, we performed a retrospective analysis of patients 
with rectal cancer with synchronous distant metastasis or 
concomitant extracolonic cancers. Inclusion criteria were: 
(1) diagnosis of rectal adenocarcinoma by biopsy; (2) with 
distant metastasis at the pretreatment or during nCRT; (3) 
or with concomitant extracolonic cancers; (4) underwent 
nCRT. Patients without clinical/pathological characteris-
tics and lack of follow- up information were excluded. In 
the period of July 2004 and September 2017, there were 
533 patients with rectal cancer who received nCRT. In total, 
13 patients with rectal cancer were registered in cohort 3 
which included 10 patients with liver or lung metastasis 
and 3 patients with concomitant extracolonic cancer. 
Among of 10 patients with synchronous distant metastasis, 
two patients were found to have liver metastases during 
nCRT by preoperation CT. All patients received nCRT 
and rectal cancer surgical resections and had at least one 
distinct measurable size of tumor mass. The radiotherapy 
regimen consisted of a 50.6 Gy dose delivered in 22 frac-
tions. For patient with synchronous esophagus cancer, the 
concurrent chemotherapy regimens were capecitabine 
with taxol and nedaplatin treatment. For other patients, 
the concurrent chemotherapy regimens were primarily 
capecitabine- based, with or without oxaliplatin treatment. 
Pretreatment and post- treatment CT or MRI was obtained 
to follow tumor response and assess abscopal responses. 
Response evaluation by imaging was performed within 60 
days of the nCRT treatment using Response Evaluation 
Criteria in Solid Tumor (RECIST) V.1.121. Primary tumor 
or distant metastasis tissues obtained from cohort 3 were 
used to investigate the immune infiltration status using 
multiplex fluorescence staining. One patient with rectal 
cancer (case 14) with metachronous liver metastasis was 
also assessed for immune infiltration status of the tumor 
metastasis. Case 14 received nCRT and rectal cancer 
surgical resection and developed liver metastasis 2 years 
after surgery.
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A summary of the clinical characteristics of these 
patients is shown in online supplemental table S1‒S3.

Assessment of treatment response and tumor downstaging
The seventh edition of the American Joint Committee on 
Cancer TNM system was used for Pathological staging.16 
NRT effect was evaluated after surgery by specialized 
gastrointestinal pathologists using the tumor regression 
grade (TRG) system as follows: grade 0: complete regres-
sion, no tumor cells; grade 1: single or small groups of 
tumor cells, moderate response; grade 2: residual cancer 
outgrown by fibrosis, minimal response; grade 3: minimal 
or no tumor cells killed, poor response.

RNA isolation and microarray analyses
Total RNA from cohort 1 biopsy samples was isolated 
using TRIzol reagent (Life technologies, Carlsbad, Cali-
fornia, USA), according to the manufacturer’s instruc-
tions, and purified by using the RNeasy Mini Kit (Qiagen, 
Germany). RNA samples of each group were subsequently 
used to generate fluorescence- labeled cRNA targets for 
the Affymetrix Human U133 Plus 2 arrays (Affymetrix, 
Santa Clara, California, USA). The labeled cRNA targets 
were then hybridized on slides. After hybridization, slides 
were scanned by GeneChip Scanner 3000 (Affymetrix). 
Data were extracted with Command Console Software 
V.4.0 (Affymetrix). Raw data were normalized by the 
MAS V.5.0 algorithm and Gene Spring Software V.12.6.1 
(Agilent technologies, Santa Clara, California, USA). The 
microarray experiments were performed following the 
protocol of Affymetrix Inc.

Serum cytokine/chemokine measurement
Blood samples were collected at baseline and 1 day after 
operation. Sera obtained from blood samples were used 
for serum cytokine/chemokine measurements. Serum 
was separated by centrifugation at 2000 g for 10 min at 
4°C to remove the cellular components. Serum cytokine/
chemokine levels were measured using the Human Cyto-
kine/Chemokine Magnetic Bead Panel protocol from the 
Milliplex Map Kit (EMD Millipore, Billerica, Massachu-
setts, USA), following the manufacturer’s instructions. 
The kit was used to analyzed 38 cytokines: interleukin-1 
alpha (IL- 1a), IL- 1b, IL- 1RA, IL-2, IL-3, IL-4, IL-5, IL-6, 
IL-7, IL-8, IL-9, IL-10, IL-13, IL-15, IL-17, IL- 12P40, 
IL- 12P70, epidermal growth factor, eotaxin, granulo-
cyte colony- stimulating factor (G- CSF), granulocyte- 
macrophage CSF (GM- CSF), interferon alpha-2 (IFN), 
IFNγ, IFN gamma- induced protein 10, monocyte chemo-
tactic protein-1 (MCP-1), MCP-3, MIP- 1a, MIP- 1b, tumor 
necrosis factor alpha (TNF-α), TNF-β, vascular endothe-
lial growth factor, fibroblast growth factor 2, transforming 
growth factor alpha, Flt-3 ligand, fractalkine, growth 
regulated oncogene, macrophage- derived chemokine 
and soluble CD40 ligand (sCD40L). All measurements 
were performed on a Luminex 200 analyzer (Luminex, 
Austin, Texas, USA). Analysis of the cytokine/chemokine 

median fluorescence intensity was performed using the 
Milliplex Analyst (V.5.1).

Multiplex immunofluorescence staining and image analysis
Tissues consisting of primary tumor or distant metastasis 
were obtained from cohort 3 patients and case 14 who 
underwent surgical resections. All samples were collected 
immediately after resection and fixed in 10% formalin 
for paraffin embedding. The paraffin- embedded samples 
were used for the fluorescent multiplex immunofluo-
rescence staining. Opal 7- Color Fluorescent immuno-
histochemistry (IHC) Kit (PerkinElmer, Massachusetts, 
USA) was used to detect the signals. The Opal protocol 
was followed except that slide deparaffination, antigen 
retrieval and antibody stripping were all performed 
using AR 6.0 buffers (NEL811001KT, PerkinElmer). The 
five- plex staining was performed in the following order: 
anti- CD4 (ab133616, Abcam) stained with Opal 520, anti- 
CD8 (ab101500, Abcam) stained with Opal 570, anti- PD1 
(ab52587, Abcam) stained with Opal 690, anti- FoxP3 
(ab4728, Abcam) with Opal 620. All primary antibody 
solutions were incubated for 30 min at room tempera-
ture. Nuclei were stained with DAPI prior to mounting 
in Prolong Diamond Antifade Mountant (Thermo 
Fisher). Stained slides were scanned and images were 
analyzed by Vectra Polaris multispectral slides imaging 
system and inForm tissue finder image analysis software 
(PerkinElmer).

Cell lines
The MC38 cell line was purchased from National Infra-
structure of Cell Line Resource (Beijing, China) and was 
maintained in Roswell Park Memorial Institute (RPMI) 
1640 with 10% fetal bovine serum (Gibco, Carlsbad, Cali-
fornia, USA), penicillin sodium (100 U/mL), and strep-
tomycin sulfate (100 mg/mL) in humidified 5% CO2 at 
37°C. The cell line was tested and authenticated by Short 
Tandem Repeat (STR) profiling. Cells were routinely 
tested for mycoplasma infection and used only when 
negative. Cells were passaged a maximum of 3–4 times in 
vitro before they were used in in vivo experiments.

In vivo mouse studies
Male C57BL/6 mice aged between 4 and 6 weeks were 
purchased from Beijing Vitalriver Experimental Animal 
Technology (Beijing, China). Mice were maintained in 
a pathogen- free facility and used in accordance with the 
institutional guidelines for animal care.

The mice were bilaterally inoculated with MC38 cells 
on the right leg (1×105 cells) and left flank (5×104 cells) 
by subcutaneous injection on day 0. For single dose radio-
therapy, the right leg tumor was irradiated with 12 Gy 
on day 12. Anti- CD25 antibody (BioXCell) was intraper-
itoneally administered on days 9, 16 and 23. For dose- 
fractionated radiotherapy model (5 fractions of 2.3 Gy 
each), the right leg tumor was irradiated with 2.3 Gy on 
day 16, 17, 18, 19, 20. Anti- CD25 antibody (BioXCell) 
was intraperitoneally administered on days 14, 19 and 
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24. All irradiation was performed using the Edge linear 
accelerator (Varian Medical Systems, Palo Alto, Cali-
fornia, USA). Antibodies used for in vivo ICB experi-
ments were given intraperitoneally at a dose of 250 µg/
mouse and include: anti- CD25 (clone PC-61.5.3) and 
rat IgG1 isotype (clone TNP6A7) (all from BioXCell). 
The tumor volumes were measured using CT scans and 
MRI once a week. The tumor size was measured using 
calipers every 3 days. Volume was calculated using the 
formula L×A × B×0.52, where L is the longest dimension 
and A and B are long and short diameters of the largest 
coronal section, respectively. Differences in survival were 
determined for each group by the Kaplan- Meier method. 
The overall p value was calculated by the log- rank test. 
In vivo studies were terminated either when the animals 
succumbed to death or when tumor burden reached a 
protocol- specified size of 1.5 cm in maximum dimension 
as suggested previously.13

For synchronous CRC liver metastasis mouse models, 
mice were subcutaneously inoculated with MC38 cells on 
the right leg (1×105 cells) and under the capsular of the 
spleen (1×105 cells) on day 0. Cells were surgically injected 
into the spleen through an abdominal incision under 
anesthesia. After injection, the spleen was gently returned 
to abdominal cavity and homoeostasis was resumed. For 
single dose radiotherapy, the right leg tumor site was 
irradiated with 8 Gy on day 9. Blocking antibodies (anti- 
CTLA4, clone 9H10, anti- PD1, clone RMP1-14 and rat 
IgG1 isotype, clone TNP6A7, all from BioXCell) were 
given intraperitoneally at a dose of 250 µg/mouse on days 
6, 9 and 12. For dose- fractionated radiotherapy model (5 
fractions of 2.3 Gy each), the right leg tumor was irradi-
ated with 2.3 Gy on day 13, 14, 15, 16, 17. Blocking anti-
bodies (anti- CTLA4, anti- PD1 and rat IgG1 isotype) were 
intraperitoneally administered on days 10, 13 and 16. All 
irradiation was performed using the Edge linear acceler-
ator (Varian Medical Systems). The tumor volumes of the 
right leg were measured using calipers every 3 days. Four 
weeks after surgery, mice were euthanized and the livers 
were obtained to determine the hepatic metastatic foci.

The MC38 cells with stably transfected luciferin were 
used to observe liver metastasis. The tumor burden on 
liver was quantified by in vivo bioluminescence imaging 
and ex vivo fluorescence imaging of whole livers using 
an In Vivo Imaging System (IVIS) Spectrum- CT (Perkin-
Elmer). Data were analyzed using Living Image V.4.0 Soft-
ware (Caliper Life Sciences).

Flow cytometric analysis
The tumor masses from mice were removed, minced and 
processed using a gentle MACS dissociator and a murine 
tumor dissociation kit (Miltenyi Biotec). The cell suspen-
sions were filtered through 70 µm cell strainers and 
washed with PBS. Single- cell suspensions were counted 
and stained with CD45 (APC, clone 30- F11), CD3 
(BUV395, clone 145–2 C11), CD8 (PE, clone 53–6.7), 
CD4 (BUV737, clone GK1.5), CD25 (BB515, clone PC61), 
CD152 (APC, clone UC10- 4F10-11), CD69 (PerCP- Cy5.5, 

clone H1.2F3), CD127 (APC, clone SB/199) and CD44 
(PE, clone IM7). The intracellular staining of Granzyme 
B (Alexa Fluor 647, clone D2H2F) and Foxp3(PE, clone 
MF23) was performed using the Transcription Factor 
Staining Buffer Set (BD). For quantification of absolute 
number of cells, cell counts were normalized by tumor 
mass. All flow cytometric analyzes were performed using 
FACSAria II flow cytometer (BD Biosciences, San Jose, 
California, USA) and the data were processed using 
FlowJo software (Tree Star). Gating strategy was shown in 
online supplemental figure 1.

Immunohistochemical analysis
Tumor tissue was freshly taken from mice and processed 
for IHC. IHC was performed on formaldehyde- fixed and 
paraffin- embedded 3–4 µm tissue sections, using rabbit 
monoclonal anti- mouse PD-1 (clone EPR20665, Abcam, 
USA), anti- mouse CD4 (clone EPR19514, Abcam, USA), 
anti- mouse CD8 (clone EPR21769, Abcam, USA) and 
anti- mouse FOXP3(clone FJK- 16s, eBioscience). All 
images were examined by two experienced pathologists 
independently. The slides were then scanned into high- 
resolution images using Aperio Versa 200 (Aperio, Vista, 
California, USA). The images were then visualized and 
the percent of CD4+, CD8+FOXP3+ and PD1+ cells (eg, 
number of positive cells/total number of cells) were quan-
tified using the software Aperio Image Scope (Aperio).

Statistics
The univariate Cox regression analysis was performed to 
examine the relationship between the gene expression 
levels in patients and the OS from cohort 1 to determine 
the genes which could potentially be of functional signif-
icance in prognosis of LARC patients treated with nRT. 
OS was defined as the time from the date of surgery until 
death from any reason. Genes that were significantly 
related to patient survival were identified (p<0.05). HRs 
from univariate Cox regression analysis were used to iden-
tify which genes were associated with death from recur-
rence of cancer or any other reason. Protective genes 
were defined as those with HR for death <1. High- risk 
genes were defined as those with HR for death >1. The 
analyzes were performed in the R programming language 
(V.3.2.3).

One- way analysis of variance (ANOVA) and Dunnett’s 
test were used to compare immune cell fraction differ-
ences between treated groups and control groups. A 
mixed- effect linear model was used to determine signif-
icance of differences in tumor growth. The log- rank test 
was used to compare Kaplan- Meier survival curves. The 
cut- off values of immune cell fractions and cytokine levels 
were selected by X- title program.17 For abscopal analysis, 
DFS was defined as the time from the date of surgery until 
first recurrence or death due to any reasons, whichever 
observed first. All tests were two sided and the level of 
statistical significance was set at p<0.05. Statistical analyzes 
were performed using GraphPad Prism V.6.

https://dx.doi.org/10.1136/jitc-2020-000826
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Data and materials availability
The GEO accession number is GSE119409.

RESULTS
Immune activity pre-nRT correlated with prognosis in LARC
To investigate the correlation between gene expres-
sion and prognosis of LARC with nRT, mRNA expres-
sion in pretherapy biopsies of cohort 1 was profiled. By 
performing univariate Cox proportional hazards regres-
sion analysis for mRNA expression data, a total of 674 
mRNAs related to patient OS (p<0.05) were identified, 
including 437 protective genes (HR <1) and 237 high- 
risk genes (HR >1). Reactome pathway analysis showed 
that the protective genes were enriched in the immune 
activation- related pathways, including cytokine signaling 
in immune system, signaling by IL, downstream signaling 
events of B cell receptor and IL-4 and 13 signaling (online 
supplemental table S4).

Fractions of Tregs in pre-nRT biopsies negatively correlated 
with prognosis of LARC
The correlation between infiltrating immune cells and 
prognosis of LARC with nRT was further assessed using 
CIBERSORT. The patients with no distant metastasis or 
death observed at 5 years were identified as the good 
prognosis group, while the patients with distant metas-
tasis or death observed in 5 years were identified as 
the poor prognosis group. The results showed that the 
fractions of Tregs (2.9% vs 1.3%), gamma delta T cells 
(3.7% vs 0%) and resting CD4+ memory T cells (11% vs 
5.4%) in the patients with poor prognosis were higher 
than that in patients with good prognosis. In the good 
prognosis group, the fraction of activated dendritic cells 
(DCs) (5.47% vs 3.18%) and macrophage M0 (11.7% vs 
6.8%) were higher than that in the poor prognosis group 
(online supplemental figure 2A). Kaplan- Meier survival 
analysis showed that fractions of Tregs and resting DCs in 
pre- nCRT biopsies negatively correlated with disease- free 
survival (p=0.007, p=0.001, respectively) (online supple-
mental figure 2B,C). The fractions of Tregs and resting 
DCs were also significantly associated with poor OS 
(p=0.017, p=0.019, respectively) (online supplemental 
figure 2D,E).

Several cytokines in pre-nCRT and post-nCRT serum 
correlated with prognosis
To investigate the effect of serum cytokines in prog-
nosis of LARC treated by nCRT, the level of cytokines 
in pre- nCRT and post- nCRT serum from cohort 2 were 
assayed. Kaplan- Meier analysis showed that patients with 
high GM- CSF (≥2.08 pg/mL), IL-2 (≥1.05 pg/mL), IL-3 
(>0.49 pg/mL) or IL-4 (>3.39 pg/mL) level in pre- nCRT 
had a poor OS (p=0.026, p=0.005, p=0.002 and p=0.007, 
respectively (online supplemental figure 3A‒D). While 
serum TNFα level post- nCRT was positively correlated 
with prognosis (p=0.033, online supplemental figure 3E).

Abscopal effect of RT on patients with rectal cancer with 
distant metastasis or synchronous extracolonic cancers
To investigate the abscopal efficacy of RT on patients with 
rectal cancer, the clinical and pathological data of rectal 
cancer patients with distant metastasis or synchronous 
extracolonic cancers which were treated with nCRT were 
retrospectively collected. Form July 2004 to September 
2017, 533 patients with rectal cancer underwent nCRT. In 
all, a total of 13 patients with rectal cancer were included 
in cohort 3, 10 patients with liver or lung metastasis, 3 
patients with synchronous extracolonic cancer (esoph-
agus, prostatic and liver cancer). All patients received 
radiotherapy to the primary rectal cancer lesion. Evalu-
ation of the unirradiated lesions by MRI or CT imaging 
using RECIST demonstrated that 67% (6/9) of patients 
with liver metastasis had a partial response (PR) as best 
response, 11% (1/9) had stable disease (SD), 22% (2/9) 
had progressive disease, these two patients had new 
lesions. The one patient with lung metastasis had SD, and 
100%3 of patients with synchronous extracolonic cancer 
had SD. All of the 13 patients evaluated by TRG had PR 
or complete response (CR) in the irradiated lesion. The 
median progression- free survival (PFS) was 14, and the 
median OS was not reached (figure 1A–E).

Heterogeneous immune cell infiltration in growing and 
regressing metastasis and synchronous extracolonic lesions
To investigate the immune infiltration status of the tumor 
metastasis, we used multiplex fluorescence staining to 
analyze the immune components of tumors. T cell markers 
CD4, CD8, T regulatory cell markers Foxp3 and PD-1 
were detected by fluorescence costaining. In liver metas-
tasis with a major clinical response (case 6, PR, −78%), 
we observed a strong CD8 +infiltrate and low Foxp3+ 
and PD1+ infiltration. The infiltration of CD8+PD1+, 
CD4+PD1+ and Foxp3+ cells increased in liver metastasis 
of SD patients (case 4, SD, −21%). Liver metastasis in PD 
patients (case 8, PD, +21%) showed higher Foxp3 posi-
tive and PD-1+CD4+ T cell infiltration, especially in the 
stroma. We also analyzed a metachronous liver metastasis 
from a rectal cancer patient with nCRT (case 14). Higher 
Foxp3 positive T cell infiltration was observed and these 
changes were pronounced in the stroma. In liver metas-
tasis with SD and PD, we observed large numbers of infil-
trating lymphocytes including CD4 and CD8 T cells at the 
tumor margin much more than infiltrating the tumor. In 
synchronous esophagus cancer (case 11, SD, −0.27%), 
PD-1 positive cells increased. IF analysis indicated that 
the increased Tregs and PD1+ T cells and the decreased 
effector: Treg ratios in metastatic or synchronous extra-
colonic cancer might be correlated with poor abscopal 
effect (figure 1F–G, online supplemental figure 4).

RT combined with anti–CD25 enhances control of irradiated 
and abscopal tumors
We first determined the expression of CD25 on TILs 
and found that the percentage of CD25- expressing Teff 
cells (CD8+=0.4%–1.6%, CD4+ FoxP3-=10.3%–19.2%) 
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Figure 1 Abscopal effect of RT correlates with tumor infiltrating immune cells. (A) Waterfall plot of the RECIST per cent change 
from baseline of unirradiated tumors as measured by MRI or CT. Dashed lines are thresholds for PD (upper) and PR (lower). 
RECIST criteria do not include irradiated tumors. legend shows color- codes for the organs of the unirradiated tumors. *Patient 
with 0% change. Two patients were assigned a value of +21% for new lesions (+). (B) Legend shows color- codes for response 
after RT by MRI or CT (parenthesis). (C) PFS for all patients (dashed lines: 95% CI). (D) OS for all patients (dashed lines: 95% CI). 
(E) MRI of irradiated and unirradiated (arrows) tumors from patient case 1 (liver, PR, −66%), case 4 (liver, SD, −21%), case 10 
(lung, SD, 0%) and case 11 (synchronous esophagus cancer, SD, −0.27%). (F) Representative images of immunofluorescence 
staining for DAPI, cytotoxic T cells (CD8+), CD4+ T cells, Tregs (CD4+FOXP3+) and immune- checkpoint PD1+ cells of case 6 
(PR, −78%), case 4 (SD, −21%), 8 (PD, +21%), case 14 (metachronous liver metastasis) and case 11 (synchronous esophagus 
cancer, SD, −0.27%). (G) Image- based cell quantification of whole slides. OS, overall survival; PFS, progression- free survival; 
PR, partial response; RECIST, Response Evaluation Criteria in Solid Tumor; RT, radiotherapy; Tregs, regulatory T.
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was significantly lower than on Treg cells (59.2%–68.5%) 
(online supplemental figure 5A). To determine the 
optimal dose of anti- CD25, we investigated the effect 
of the in vivo administration of anti- CD25 mAb on a 
CD4+Foxp3+population in spleens and tumor tissues. As 
shown in online supplemental figure 5, CD4+Foxp3+ cells 
accounted for about 12% and 35% of CD4+ cells in spleen 
and tumor, respectively. In spleen, CD4+Foxp3+ cells were 
reduced to the maximum extent at 2–4 days after a single 
dose of 0.25 mg anti- CD25 mAb in vivo, and recovered 
completely on the fifth day. In the tumor, after a single 
dose of 0.25 mg anti- CD25 mAb, the CD4+Foxp3+ cells 
decreased to the maximum extent on days 2–4, and recov-
ered completely on day 8. In the dose range of 0.125–
0.5 mg, the spleen and tumor decreased by 37%–52% and 
49%–73%, respectively. For subsequent analyzes, we used 
a single injection of 0.25 mg anti- CD25.

Mice bearing bilateral tumors derived from subcuta-
neous engraftment of MC38 colorectal carcinoma cells 
were used as a model to investigate the local and abscopal 
effects of radiotherapy in combination with anti- CD25 
mAb. Mice received IgG (control), irradiation (RT+IgG), 
anti–CD25 or both treatments (RT+anti- CD25). For 
single- dose radiotherapy, radiotherapy at dose of 12 Gy 
was applied only to the right leg tumor site, while the left 
flank tumor was set outside the irradiated field. The left 
flank tumors were inoculated the same day with twofold 
fewer tumor cells. We found that RT+IgG, anti- CD25 and 
RT+anti- CD25 could control both local and unirradiated 
tumors (all p<0.0001). The best response in unirradiated 
tumors occurred with RT+anti- CD25. However, compared 
with RT, RT+anti- CD25 did not show better effect on local 
tumor control (figure 2A–D).

Kaplan- Meier analysis showed that RT, anti- CD25, and 
RT+ anti- CD25 improved the survival of mice (p=0.001). 
The largest improvement in survival was observed in the 
RT+ anti- CD25 group. When compared with RT or anti- 
CD25 alone, RT combined with anti- CD25 still improved 
the survival significantly (p=0.043, p=0.020, respectively) 
(figure 2E).

To mimic the regimen used in routine clinical practice, 
we performed dose- fractionated radiotherapy regimen (5 
fractions of 2.3 Gy each). Our results showed that dose- 
fractionated RT+ anti- CD25 could control both local and 
unirradiated tumors (p=0.046, p=0.0039, respectively) 
(online supplemental figure 6A‒C).

RT combined with anti-CD25 changes the immune tumor 
microenvironment in irradiated and unirradiated lesions
Antitumor immune responses depend on the propor-
tions and functions of the cells in the tumor microen-
vironment. For the single- dose radiotherapy model, we 
compared percentages of TILs obtained on day 32 from 
the irradiated and unirradiated tumors in the treatment 
groups by flow cytometric analysis and IHC. In the irradi-
ated tumors, combination therapy induced the increase 
in the percentage of CD8+ T cells and the ratio of CD8+/
CD4+ relative to tumors in the control, RT or anti- CD25 

alone groups (p=0.0017, p<0.0001, respectively). No 
significant difference was observed in the percentages of 
CD4+ T cells among groups. We observed that Tregs were 
clearly increased in RT groups compared with control. 
Combination therapy could significantly decrease the 
proportion of Tregs induced by RT (p=0.0152 for ANOVA 
comparing the effect across all group; p=0.0134 for RT vs 
IgG control; p=0.032 for RT vs combination treatment) 
(figure 3).

Given that the T cell surface receptor PD-1 plays a 
critical role in inhibiting T cell responses, we further 
investigated whether combination therapy might affect 
the expression of PD-1 and effector functions of CD8+ 
and CD4+ T cells in tumors. To address this question, we 
analyzed the expression of PD-1 on CD8+ and CD4+ T 
cells derived from irradiated tumors. We found that RT 
significantly increased the expression of PD-1 on CD8+ 
and CD4+ T cells. In contrast, combination of RT and 
anti- CD25 reversed the increase in PD-1 expression on 
CD8+ and CD4+ T cells conferred by RT in irradiated 
tumors (p=0.0021 and p=0.0009, respectively, for ANOVA 
comparing the effect across all group; For CD8+PD1+ 
T cells, p=0.0002 and p=0.0034; For CD4+PD1+ T cells, 
p=0.0021 and p<0.0001, the relevant comparisons are 
RT vs IgG and RT vs anti- CD25) (figure 3). To assess 
T- cell activation, we examined the expression of CD44. 
No significant difference was observed in the percent-
ages of CD44+CD4+ and CD44+CD8+ T cells among the 
groups (online supplemental figure 7A‒C). To further 
investigate the extent of T- cell infiltration in tumors, we 
analyzed the total numbers of CD8+, CD4+ T cells, Tregs, 
PD1+CD8 and PD1+CD4+ T cells in tumors. Our results 
showed that RT slightly induced CD8+ and CD4+ T cells 
infiltration. Combination of RT and anti- CD25 induced 
a significant CD8+ T cells infiltration (p=0.023). RT 
induced a significant increase in PD1+CD8+(p=0.0072) 
and PD1+CD4+ T cells (p=0.0146) numbers which could 
be reduced by combination therapy or anti- CD25 treat-
ment alone (p=0.012 for PD1+CD4+ in anti- CD25 vs 
IgG+RT; p=0.24 for PD1+CD8+ in anti- CD25+RT vs IgG 
+RT). Anti- CD25 treatment could reverse the increase in 
Tregs induced by RT(p=0.0204) (figure 3K–P).

In the unirradiated tumors, RT, anti- CD25 or RT+ 
anti- CD25 increased the number of CD4+ T (p=0.003, 
p=0.0091 and p=0.01039, respectively). Compared with 
the control group, the number of CD8+ T cells in the 
anti- CD25 alone or combined treatment group was 
significantly increased (p=0.029, p=0.049, respectively), 
but there was no difference between the two groups. 
PD-1 expression significantly decreased after combina-
tion therapy as compared with control and RT alone 
groups (p=0.0317). Compared with the control group, 
the number of Foxp3 +cells in the anti- CD25 group 
was significantly decreased (p=0.0378). The number of 
Foxp3+ cells decreased in anti- CD25 alone or combina-
tion therapy group as compared with RT group, though 
there was no significant (p=0.0764 and p=0.3572, respec-
tively) (figure 4).
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In blood, anti- CD25 significantly decreased the propor-
tion of Tregs relative to the IgG control(p=0.0028). 
Combination therapy decreased the proportion of Tregs 
and increased the ratio of CD8+/Tregs compared with 
control (p=0.0108, p=0.0355, respectively). No signif-
icant difference was observed in the percentages of 
CD4+ and CD8+ T cells among groups. Anti- CD25 and 
combined therapy increased PD-1 expression in CD4 

+cells (p=0.039, p=0.029) (online supplemental figure 
7D‒I).

We also compared percentages of TILs from the irradi-
ated and unirradiated tumors in dose- fractionated radio-
therapy model. In the irradiated tumors, combination 
therapy induced a significant increase in the percentage 
of CD8+ T cells relative to tumors in the control 
(p=0.0233). Combination therapy did not affect the 

Figure 2 Single- dose RT combined with anti- CD25 enhances tumor growth control in a bilateral mouse model. (A) Schematic 
of the experimental setup. yellow arrow: location of transplantation. Timeline starts from original tumor implantation (day 0). 
Black arrows: treatments given. (B) MRI images of RT combined with anti- CD25- treated tumors and baseline/control tumors. 
(C, D) Total irradiated and unirradiated tumor growth for MC38 tumors after the indicated treatment. Control: IgG (n=8); RT: 
IgG+RT (n=8); anti- CD25 (n=8); RT combined with anti- CD25 (n=8). Using a mixed- effect linear model to compare tumor growth 
differences between treated groups and control groups. (E) Survival after RT and/or anti- CD25. control is an isotype- matched 
antibody. Using the log- rank test, statistical significance was set at p<0.05. RT, radiotherapy.
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Figure 3 Single- dose RT combined with anti- CD25 changes the fractions of CD4+, CD8+, Tregs cells, PD1+CD4+ and 
PD1+CD8+ T cells in irradiated tumors. (A) Representative dot plots show the percentages of CD4+ and CD8+ T cells after 
gating on CD45+ cells analyzed by flow cytometry in the irradiated tumor- derived cell suspensions corresponding to RT, RT+ 
anti- CD25, anti- CD25 as indicated. (B) Representative contour plots of CD4+CD25+ T (Tregs) cells. (C) Representative dot 
plots show the percentages of PD1+CD8+ T cells. (D) Representative dot plots show the percentages of PD1+CD4+ T cells. 
(E) proportion of CD8+ T cells. (F) Proportion of CD4+ T cells. (G) Changes in CD8+/CD4+ T cells ratio. (H) Proportion of Treg 
cells. (I) Proportion of PD1+CD8+ T cells. (J) proportion of PD1+CD4+ T cells. (K) Absolute numbers of CD8+ TILs. (L) Absolute 
numbers of CD4+ TILs. (M) The ratio of CD8+/CD4+ T cells. (N) Absolute numbers of Tregs. (O) Absolute numbers of PD1+CD8+ 
TILs. (P) Absolute numbers of PD1+CD4+ TILs. One- way analysis of variance and Dunnett’s test were used to compare immune 
cell fraction differences between treated groups and control groups, statistical significance was set at p<0.05. *, p<0.05; **, 
p<0.01; ****, p<0.0001. RT, radiotherapy; TILs tumor infiltrating lymphocytes; Tregs, regulatory T.
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Figure 4 Single- dose RT combined with anti- CD25 changes the expression of CD4, CD8, FOXP3 and PD1 in unirradiated 
tumors. (A) Expression of CD4, CD8, FOXP3 and PD1 in unirradiated tumors using IHC analysis. The positive staining 
was expressed as brown. (B–E) The quantifications of CD4+, CD8+, PD1+ and FOXP3+ cells were performed using the 
software Aperio image scope. One- way analysis of variance and Dunnett’s test were used to compare immune cell number 
differences between treated groups and control groups, statistical significance was set at p<0.05, *, p<0.05; **, p<0.01. IHC, 
immunohistochemistry; RT, radiotherapy.
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percentage of CD4+ T cells although anti- CD25 decreased 
the proportion of CD4+ T cells(p=0.0003). Anti- CD25 
decreased the proportion of Tregs (CD4+Foxp3+ T cells) 
(p=0.042). The percentage of CD8+ or CD4+ T cells 
expressing Granzyme B increased in RT and combination 
therapy groups compared with those in control group, 
although the difference was not significant. No signifi-
cant difference was observed in the percentages of CD4 
+CD69+or CD8+CD69+ T cells among groups (online 
supplemental figure 8A‒C).

In the unirradiated tumors, both radiotherapy and 
combination therapy significantly increased the propor-
tion of CD4+ T cells as compared with control (p=0.0008, 
p=0.025, respectively). Tregs decreased after anti- CD25 
treatment as compared with control group (p=0.0148). 
The percentage of CD4+ T cells expressing Granzyme B 
increased in combination therapy group compared with 
that in control group, although there was no significance. 
No significant difference was observed in the percentages 
of CD8+CD69+, CD4+PD1+ and CD8+PD1+ T cells among 
groups (online supplemental figure 8D).

In blood, anti- CD25 and combination therapy signifi-
cantly decreased the proportion of Tregs relative to the 
IgG control (p=0.001, p=0.0028, respectively). Radio-
therapy and anti- CD25 increased the proportion of CD8 
+CD69+ T cells compared with control (p=0.0436, p=0.041, 
respectively). No significant difference was observed in 
the percentages of CD4+, CD8+ and CD4+CD69+ T cells 
among groups (online supplemental figure 8E,F).

Rt combined with anti-CTLA4 and anti-PD1 enhances control 
of irradiated tumors and liver metastasis
To determine the optimal dose of anti- CTLA4, we inves-
tigated the effect of the in vivo administration of anti- 
CTLA4 on the CD25+Foxp3+ population in spleens and 
tumor tissues. As shown in online supplemental figure 
9, CTLA4 did not induce the decrease of Treg cells in 
spleen. In tumor, CD25+Foxp3+ cells reduced maximally 
on days 2–4 and fully recovered by day 8 after a single 
in vivo administration of 0.25 mg anti- CTLA4 mAb. The 
reduction was observed in the range of 35%–51% at doses 
between 0.125 and 0.5 mg. For subsequent analyzes, we 
used a single injection of 0.25 mg anti- CTLA4.

Mice- bearing synchronous CRC liver metastasis were 
used as a model to investigate the effects of radiotherapy 
combination with anti- CTLA4 and anti- PD1 mAbs in local 
and liver metastasis. For single- dose radiotherapy, radio-
therapy at dose of 8 Gy was applied only to the right leg 
tumor site (figure 5A). We found that RT+IgG, RT+anti- 
CTLA4 and RT+anti- CTLA4+PD1 could control local 
tumors (p<0.0001). The best response in both tumors 
occurred with RT+anti- CTLA4+PD1 (figure 5B–E). 
RT+IgG, RT+anti- CTLA4 and RT+anti- CTLA4+PD1 also 
resulted in decreased number of liver metastatic 
nodules as compared with the IgG control with average 
liver surface metastatic nodules of 2.5±3.3; 1.3±1.9; 
0.33±0.5; 8.5±6.8 for RT+IgG, RT+ anti- CTLA4, RT+ anti- 
CTLA4+PD1 and IgG respectively (p=0.082, p=0.0337 and 

p=0.0157, respectively) (figure 5B,F,G). The volume of 
liver metastatic nodules in RT+ anti- CTLA4 group was 
smaller than RT+ IgG.

We also performed dose- fractionated radiotherapy 
regimen (5 fractions of 2.3 Gy each) on synchronous 
CRC liver metastasis model (figure 6A). The results were 
similar with that of single dose. We found that RT+ anti- 
CTLA4 and RT+ anti- CTLA4+PD1 could control local 
tumors (p=0.0053, p=0.0015, respectively) (figure 6B). 
RT+ IgG, anti- CTLA4, RT+ anti- CTLA4 and RT+ anti- 
CTLA4+PD1 also resulted in decreased number of liver 
metastatic nodules as compared with IgG control with 
average liver surface metastatic nodules of 4.17±2.9; 
3.4±2.3; 2.8±1.92; 1.71±3.4; 10±4.06 for RT +IgG, anti- 
CTLA4, RT+ anti- CTLA4, RT+ anti- CTLA4+PD1 and IgG 
respectively (p=0.0217, p=0.0134, p=0.0072 and p=0.0032, 
respectively) (figure 6C).

RT combined with anti-CTLA4 and anti-PD1 changes 
the immune tumor microenvironment in irradiated and 
synchronous liver metastatic lesions
In the single- dose radiotherapy model, changes in TIL 
proportions showed similar trends in irradiated tumor, 
blood and liver metastases. In liver metastases, combi-
nation therapy (RT and anti- CTLA4 or RT and anti- 
CTLA4+ anti- PD1) induced an increase in the percentage 
of CD8+ T cells (p=0.06, p=0.002, p=0.2081 for RT vs 
control, RT+ anti- CTLA4 vs control, RT+ anti- CTLA4+ 
anti- PD1 vs control, respectively) and the ratio of CD8+/
CD4+ (p=0.0219, p=0.0002, p=0.0363 for RT vs control, 
RT+ anti- CTLA4 vs control, RT+ anti- CTLA4+ anti- 
PD1 vs control, respectively) relative to the IgG control 
groups. A decrease in the percentages of CD4+ T cells 
was observed in RT (p=0.0088) and combination therapy 
groups (p<0.0001 and p=0.0075 for RT+ anti- CTLA4 
and RT+ anti- CTLA4+ anti- PD1, respectively) compared 
with control. Combination therapy could decrease the 
proportion of Tregs (p=0.0477, p=0.0178 for RT+ anti- 
CTLA4 and RT+ anti- CTLA4+ anti- PD1, respectively). 
Combined therapy increased the expression of CD44 in 
CD4+ (p=0.026, p=0.0086 for RT+ anti- CTLA4 and RT+ 
anti- CTLA4+ anti- PD1, respectively) and in CD8+ T cells 
(p=0.035 for RT+ anti- CTLA4+ anti- PD1) (figure 5H, 
online supplemental figure 10).

Combined therapy decreased PD-1 expression in CD8 
+cells (p=0.029, p=0.091 for RT+ anti- CTLA4 and RT+ 
anti- CTLA4+ anti- PD1, respectively), but increased PD-1 
expression in CD4+ cells in liver metastasis without signif-
icant difference (p=0.21, p=0.12 for RT+ anti- CTLA4 and 
RT+ anti- CTLA4+ anti- PD1, respectively) (figure 5H, 
online supplemental figure 10).

Changes in TILs proportion showed similar trends 
in irradiated tumor, blood and liver metastases (online 
supplemental figure 11).

Combined therapy reversed the increase of PD-1 expres-
sion in CD4+ and CD8+ T cells in blood (for CD4+PD1+ 
cells, p=0.0002 for RT+ anti- CTLA4 vs RT, p<0.0001 for 
RT+ anti- CTLA4+ anti- PD1 vs RT; for CD8 +PD1+cells, 
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Figure 5 Single- dose RT combined with anti- CTLA4/and anti- PD1 enhances tumor growth control in a synchronous CRC 
liver metastasis mouse model. (A) Schematic of the experimental setup. Yellow arrow: location of transplantation. Timeline 
starts from original tumor implantation (day 0). Black arrows: treatments given. (B) IVIS Spectrum- CT images of RT combined 
with anti- CTLA4/and anti- PD1- treated primary tumors and liver metastases. (C–E) Total irradiated tumor growth for MC38 
tumors after the indicated treatment. Control: IgG (n=6); RT: IgG+RT (n=6); RT+ anti–CTLA4 (n=6); RT+ anti- CTLA4+ anti- PD1 
(n=6). Using a mixed effect linear model to compare tumor growth differences between treated groups and control groups. 
(F) Representative livers derived from mice are show. (G) Quantification of liver metastasis. One- way analysis of variance and 
Student’s t test were used to compare liver metastasis number differences between treated groups and control groups. (H) 
The percentages of CD4+, CD8+ T cells, Tregs, PD1+CD8+/CD4+ and CD44+CD8+/CD4+ T cells after gating on CD45+ cells 
analyzed by flow cytometry in the liver metastasis- derived cell suspensions corresponding to RT, RT+ anti- CTLA4, RT+ anti- 
CTLA4+ anti- PD1 as indicated. One- way analysis of variance and Dunnett’s test were used to compare immune cell fraction 
differences between treated groups and control groups, statistical significance was set at p<0.05, *, p<0.05; **, p<0.01; ***, 
p<0.001; ****, p<0.0001. CRC, colorectal cancer; RT, radiotherapy; Tregs, regulatory T.
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p=0.0124 for RT+ anti- CTLA4 vs RT, p=0.0003 for RT+ 
anti- CTLA4+ anti- PD1 vs RT) after radiotherapy (online 
supplemental figure 11).

RT increased the expression of PD-1 in CD8+ (p=0.078) 
and CD4+ T (p=0.049) cells in irradiated tumors. 
However, there was no significant difference between RT 
and RT+CTLA4 groups (online supplemental figure 11).

For the dose- fractionated radiotherapy model, in the 
irradiated tumors, combination therapy (RT and anti- 
CTLA4 or RT and anti- CTLA4+ anti- PD1) induced an 

increase in CD8+ T cells number (p=0.0488 for RT+ 
anti- CTLA4 vs control, p=0.0663 for RT+ anti- CTLA4+ 
anti- PD1 vs control, respectively) and the ratio of CD8+/
CD4+ (p=0.0102 for RT+ anti- CTLA4 vs control, p=0.0088 
for RT+ anti- CTLA4+ anti- PD1 vs control, respectively) 
relative to the IgG control. No significant difference 
was observed in the number of CD4+ T cells and Tregs 
among groups. We found that combination therapy 
(RT and anti- CTLA4 or RT and anti- CTLA4+ anti- PD1) 
significantly increased the number of CD69+CD8+ T cells 

Figure 6 Dose- fractionated RT combined with anti- CTLA4/and anti- PD1 enhances tumor growth control in a synchronous 
CRC liver metastasis mouse model. (A) Schematic of the experimental setup. Yellow arrow: radiotherapy given (5 fractions of 
2.3 Gy each). Timeline starts from original tumor implantation (day 0). Black arrows: drug treatments given. (B) Total irradiated 
tumor growth for MC38 tumors after the indicated treatment. Control: IgG (n=7); radiotherapy: IgG+RT (n=8); Anti- CTLA4 (n=6); 
RT+ anti- CTLA4 (n=7); RT+ anti–CTLA4+ anti- PD1 (n=8). Student’s t- test was used to compare tumor volume differences 
between treated groups and control groups. (C) Representative livers derived from mice are shown. (D) Quantification of liver 
metastasis. Student’s t- test was used to compare liver metastasis number differences between treated groups and control 
groups, statistical significance was set at p<0.05, *, p<0.05; **, p<0.01. CRC, colorectal cancer; RT, radiotherapy.
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(p=0.044 for RT+ anti- CTLA4 vs control, p=0.0334 for 
RT+ anti- CTLA4+ anti- PD1 vs control, respectively). RT or 
RT and anti- CTLA4+ anti- PD1 increased the number of 

CD69+CD4+ T cells (p=0.0394 for RT vs control, p=0.0472 
for RT+ anti- CTLA4+ anti- PD1 vs control, respectively) 
(figure 7A,B).

Figure 7 Dose- fractionated RT combined with anti- CTLA4/and anti- PD1 changes the fractions of CD4+, CD8+ and Tregs cells 
in irradiated tumors and liver metastasis. (A–D) Absolute numbers of CD8+, CD4+CD69+, CD8+CD69+ T cells and ratio of CD8/
CD4 T cells in irradiated tumors. (E–H) Absolute numbers of CD8+, CD4+, CD25+Foxp3+ T cells and ratio of CD8/Treg cells in 
liver. Dunnet t- test was used to compare immune cell fraction differences between treated groups and control groups, statistical 
significance was set at p<0.05, *, p<0.05; **, p<0.01; ***, p<0.001. RT, radiotherapy; Tregs, regulatory T.
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In liver metastases, RT increased the number of CD8+ 
T and CD4+ T cells (p=0.0451 and p=0.0003, respec-
tively). Combination therapy (RT and anti- CTLA4 or RT 
and anti- CTLA4+ anti- PD1) induced an increase in the 
numbers of CD8+ T cells (p=0.0308 for RT+ anti- CTLA4 
vs control, p=0.0168 for RT+ anti- CTLA4+ anti- PD1 vs 
control, respectively). Combination therapy could signifi-
cantly decrease the numbers of Tregs (p=0.038 for RT 
vs control, p=0.0457 for anti- CTLA4, p=0.0052 for RT+ 
anti- CTLA4 vs control, p=0.0002 for RT+ anti- CTLA4+ 
anti- PD1 vs control) and increase the ratio of CD8+/Treg 
(p=0.0326 for anti- CTLA4, p=0.0165 for RT+ anti- CTLA4 
vs control, p=0.0002 for RT+ anti- CTLA4+ anti- PD1 vs 
control, respectively) (figure 7C,D). No significant differ-
ence was observed in the percentages of CD4+ T cells, 
CD8+ T cells and Tregs among groups in blood.

DISCUSSION
We analyzed pretreatment tumor biopsies to identify the 
genes which were correlated with prognosis of LARC 
treated with nRT. Our study indicated that the protective 
genes were enriched in the immune activation- related 
pathways, mainly composed of cytokine signaling in 
immune system, signaling by IL, downstream signaling 
events of B cell receptor, IL-4 and 13 signaling. The pres-
ence of a pre- existing immune response indicates a more 
favorable prognosis than that of patients whose tumors 
lack these features in rectal cancer pretreated with nCRT.

Many previous studies have shown that intratumoral 
immune cells infiltrate is the most important predic-
tive criterium for patient survival.18 We further analyzed 
correlation between the infiltration of specific immune 
cell subsets and prognosis. Our results demonstrated 
that heterogeneous immune cell infiltration was present 
in patients with good and poor prognosis. The presence 
of Tregs and resting DCs in pre- nRT biopsies correlated 
with tumor recurrence and survival. In most tumor types, 
the tumor microenvironment is dominated by immuno-
suppression elements. The immunosuppressive tumor 
microenvironment composed by immune- suppressive 
cytokines, molecules, and cells inhibits effective anti-
tumor immunity. Treg cells, one of the most common 
immune- suppressive cells in tumors, suppress antitumor 
immunity, thereby promoting cancer progression.19 It 
was reported that stromal Foxp3+ cell density in post- CRT 
surgical samples was strongly associated with TRG and 
was negatively associated with recurrence- free survival.20 
Treg cells impose their suppressive activity via inhibiting 
the maturation of antigen- presenting cell, consumption 
of IL-2 via high- affinity receptor CD25 expression, secre-
tion of inhibitory cytokines and killing effector T cells and 
APCs through expression of granzyme and/or perforin.21 
Resting DCs can present self- antigens to T cells,22 which 
leads to immune tolerance either through T cell deletion 
or the differentiation of regulatory or suppressor T cells.

We also investigated the influence of systemic immune 
condition on the therapeutic outcome of patients with 

nCRT. We found that several immunomodulatory cyto-
kines including IL-2,–3, −4 and GM- CSF in pretreatment 
serum were negatively correlated with the prognosis.

Although high- dose IL-2 could stimulate antitumor 
cytotoxic lymphocytes, including effector T and NK cells 
and has shown antitumor immune responses,23 the low 
but constant IL-2 production during resting conditions 
primarily supports the development and homeostatic 
survival of Treg cells to main peripheral immune toler-
ance.24 Low level of IL-2 in pretreatment serum was consid-
ered to serve immunosuppressive action by activating 
Treg cells. IL-2 and Treg cells also have been reported 
to play negative regulation on DCs. IL-2 inhibits the in 
vitro development of plasmacytoid DCs and conventional 
DCs from BM cells cultured with Flt3L.25 DC numbers are 
increased in IL-2−/− mice due to an indirect inhibitory 
effect on IL-2 production and/or Treg cells.26 Elevated 
level of GM- CSF in serum has been recognized in patients 
with CRC and considered a potential diagnostic and 
prognostic marker associated with poor outcomes.27 
G- CSF has critical roles in MDSCs migration, prolifera-
tion and function maintenance.28 IL-3 was reported to be 
able to stimulate endothelial cell proliferation, migration 
and the formation of new blood vessels29 and could play 
an important role in tumor vasculogenesis. Higher serum 
levels of IL-4 were found in metastatic CRC patients.30 
IL-4/IL-4 receptor engagement leads to signal transducer 
and activator of transcription 6 phosphorylation.31 In a 
mouse model of colitis- associated colon cancer, signaling 
through IL-4 receptor α promoted tumor growth.32 We 
further found that serum TNFα level in post- nCRT was 
positively correlated with prognosis. TNF can promote 
the activation and proliferation of naïve and effector T 
cells, but also can induce apoptosis of highly activated 
effector T cells. Moreover, TNF can downregulate the 
suppressive capacity of Tregs.33 TNF-α enhanced tumor 
control when combined with radiotherapy (RT) in an 
animal colon cancer model.34

Therefore, we hypothesized that the immunosuppres-
sive factors, especially Tregs may play an important role 
in rectal cancer relapse and hamper the therapeutic 
outcome of nCRT. Our preclinical mouse experiment 
results demonstrated that radiotherapy combination with 
Tregs depletion transiently using anti- CD25 or CTLA4 
could enhance the efficiency of radiotherapy and improve 
the survival.

Recent interest in the abscopal effect from radiotherapy 
to treatment of both localized and metastatic disease 
motivated us to investigate the abscopal effect of RT on 
metastatic rectal cancer. The abscopal effect refers to 
radiotherapy- induced tumor regression in lesions distant 
from the irradiated site.35

RT may enhance the endogenous T- cell response to 
primary tumors and their antigens,13 which improves local 
and systemic antitumor immunotherapeutic efficacy.36

Our retrospective review showed rarity of rectal cancer 
patients with distant metastasis or synchronous extraco-
lonic cancers obtained nCRT, indicating that there was a 
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high threshold on the potency of immune activation to 
translate into a clinically relevant response. The abscopal 
response was seen only in some patients with metastases, 
not seen in patients with synchronous extracolonic cancer. 
The abscopal effect relies on tumor specified CD8 T cell 
activity and overcoming the immunosuppressive barrier. 
When a tumor is irradiated, ionizing radiation may lead to 
the release of tumor- associated antigens which can stimu-
late a tumor- specific immune response, with the recruit-
ment and activation of antigen- presenting cells, and CD8+ 
T cells activation. Once activated, cytotoxic T lymphocytes 
migrate to the irradiated tumor and eliminate residual 
cancer cells and also to distant metastatic sites, leading to 
systemic tumor regression.37 Absence of the abscopal effect 
in synchronous extracolonic cancer might be due to that 
synchronous multiple cancers have independent genetic 
origins, acquire dissimilar somatic alterations, and have 
different clone composition.38 Different responses were 
observed among different metastasis with distinct tumor- 
immune microenvironments. The regressing liver metas-
tases were infiltrated by CD8+ T cells, whereas stable and 
progressing metastases exhibited Tregs and PD1+CD8/
PD1+CD4 T cells infiltration. The heterogeneity could 
be due to the relative weakness of the immunizing effects 
and concomitantly elicited immunosuppressing factors. 
Several studies showed that patients with metastatic CRC 
cells from primary and metastatic sites exhibited hetero-
geneity at the genomic level.39 The tumor heterogeneity 
increases the likelihood of presence of subclones which 
is able to escape the immune system.40 In addition, RT 
may be able to disclose cryptic tumor antigens, tumor 
cell- induced immune- suppression and immune- tolerance 
hamper the development of therapeutically effective anti-
tumor immune responses.41 The Tregs have been shown 
to persist in the tumor microenvironment at a relative 
high frequency after radiation, which is thought to result 
from their intrinsic radiation resistance.41 Our in vivo 
animal study demonstrated that single- dose radiotherapy 
induced not only CD8, CD4 infiltration in irradiated 
and unirradiated tumors but also Treg cells infiltration 
and TILs expressing high levels of PD-1. Combination of 
radiotherapy and anti- CD25 treatment had a better unir-
radiated tumor growth control and survival, but did not 
show better effect on local tumor control than RT alone. 
The combination treatment resulted in increased CD8+ T 
cells and decreased PD1+CD8+ T cells, PD1+CD4+ T cells 
and Tregs in local tumors. In unirradiated tumors, anti- 
CD25 increased the number of CD8 T cells and reduced 
the rise of Treg cells induced by radiotherapy.

Our retrospective study suggested that the infiltration 
of PD1+ T cells and Tregs may limit the abscopal response 
in liver metastasis. The bilateral subcutaneous tumor 
mouse model is a limited recapitulation of the tumor 
microenvironments of metastatic tumors in patients. To 
better understand the effects of radiotherapy in combina-
tion with anti- CTLA4 and anti- PD1 mAbs on liver metas-
tasis, a synchronous CRC liver metastasis model was used 
in this study. Combination treatment could inhibit liver 

metastasis and enhance abscopal response by inhibiting 
immunosuppressive Treg cells, reversing T cells exhaus-
tion and further promoting T cell activation.

To mimic the regimen used in routine clinical practice, 
we performed dose- fractionated radiotherapy regimen 
in bilateral tumors and synchronous CRC liver metas-
tasis mice models. Some studies have demonstrated the 
superiority of single or fractional radiotherapy in anti-
tumor immune response. In our study, single doses of 
12 Gy and 8 Gy could significantly inhibit the growth of 
the primary tumor and distant tumor, but a single dose of 
12 Gy increased the proportion of Treg cells. Our result 
is similar to Son et al’s results.42 Schaue et al’s study in 
the B16- OVA murine melanoma model found that single 
doses of 7.5 and 10 Gy could control tumor growth was 
associated with a decrease in the proportion of Tregs and 
an increase in T cell response in the spleen. However, 
a single dose of 15 Gy increased both effector and Treg 
cells.43

Our study showed that low- dose daily fractionated radio-
therapy (5 fractions of 2.3 Gy each) could lead to T- cell 
activation at the site of treatment and T- cell infiltration 
at the unirradiated site, but did not induce the increase 
in Tregs. Dose- fractionated radiotherapy combined with 
anti- CD25 or anti- CTLA4/and anti- PD1 mAbs could 
significantly decrease immunosuppressive Treg cells in 
unirradiated tumor or liver metastasis. A recent study 
found that low- dose daily fractionated radiotherapy 
resulted in the infiltration and expansion of polyclonal 
T cells in the treatment site, but inhibited the systemic 
antitumor immunity through the PD-1/PD- L1.44 It was 
reported that low- dose daily fractionated radiotherapy 
could induce an immunostimulatory macrophage pheno-
type.45 To date, no established consensus on the most 
immunogenic radiation dose and schedule in the clinical 
and preclinical setting. Obviously, further study is needed 
to directly compare the immunogenicity of different 
radiotherapy dose fractionation schemes.

In our retrospective study, we also analyzed a metachro-
nous liver metastasis from a patient with rectal cancer 
treated with nCRT to observe the effect of tumor micro-
environment on liver metastasis formation after nCRT. 
Higher Foxp3 positive T cell infiltration was observed and 
these changes were pronounced in the stromal, which 
indicated that the immunosuppressive tumor microenvi-
ronment in liver might promote the formation of metas-
tasis. Combination of radiotherapy and suppression of 
Tregs could treat existing metastases as well as prevent 
future metastases. Our results suggest that the addition of 
ICB to radiotherapy could potentially generate antitumor 
immune responses, which could treat existing metastases 
as well as prevent future metastases. Combination of RT 
and ICB could be used to prevent recurrences and metas-
tases in early- stage rectal cancer treatment.

Recently, there have been efforts and success in 
utilizing ICB and other immunotherapeutic strategies in 
earlier disease stages, including the first- line metastatic 
setting and adjuvant setting for locally advanced disease. 
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It has been shown that durvalumab given after definitive 
chemoradiation significantly prolonged PFS compared 
with placebo in stage III non- small cell lung cancer 
(NSCLC).46 The results from a phase I pembrolizumab 
trial, KEYNOTE-001, showed that patients with advanced 
NSCLC who had previously received radiotherapy had 
significantly longer PFS and OS than those who received 
placebo.47

There are several limitations in this study. Anti- CD25 
does not exclusively deplete Tregs. It was reported that 
CD25 is constitutively expressed on Treg cells but not on 
the naive Teff cells. When Teff cells are activated, CD25 
will be upregulated transiently.48 Anti- CD25 could also 
deplete CD4+ and CD8+ effectors transiently expressing 
CD25.49 However, Arce Vargas et al50 reported that CD25 
expression is largely restricted to tumor- infiltrating 
Treg cells in mice and humans. For colorectal carci-
noma mice model, the percentage of CD25 expressing 
CD4+FoxP3+ Treg cells within tumor was significantly 
higher than CD4+FoxP3 and CD8+ Teff cells. The expres-
sion of CD25 on TILs in tumor patients remained largely 
restricted to CD4+FoxP3+ Treg cells, similar with mice 
models. In our study, we also found that the percentage 
of CD25- expressing Teff cells (CD8+=0.4%–1.6%, 
CD4+FoxP3-=10.3%–19.2%) was significantly lower than 
on Treg cells (59.2%–68.5%) and anti- CD25 did not 
affect the effector T cell subsets. Therefore, the effects of 
the anti- CD25 were predominantly directed against Treg 
cells.

The patient cohorts in our study received different 
treatment regimens. The patients in cohort 1 received an 
intermediate- fraction preoperative radiotherapy regime 
consisting of 30 Gy delivered in 10 daily fractions. The 
patients in cohort 2 and 3 received a long- course preop-
erative radiotherapy regime which consisted of a 50.6 Gy 
dose delivered in 22 fractions in combination with chemo-
therapy. There was no significant difference in local 
recurrence rate, distant metastasis and OS between the 
long- course and intermediate- course regime. The patho-
logical complete response rate with long- course regime 
was superior to intermediate- course regimen, which may 
be related to the prolonged treatment time of nRT, or 
an increased interval between nRT and surgery.51 Radi-
ation dose and fraction schedule are related to tumor–
host interaction, including local and abscopal antitumor 
immune response. To date, no clinical studies have 
directly compared the abscopal effect or immunogenicity 
among different dose- fractionation regimens. And there 
is no established consensus on the optimal dose and 
schedule in the preclinical setting. In future studies, we 
need to further investigate the effects of different regimes 
on the tumor microenvironment, especially the long- 
term regime. It will be interesting to see how to optimally 
combine radiation and blocking and depleting activity of 
specific immune modulatory antibodies to achieve the 
best therapeutic benefits. The suitable time to initiate the 
immune modulatory antibodies therapy will also need to 
be determined.

In our study, the cohort 3 is small in size. According 
to National Comprehensive Cancer Network (NCCN) 
guideline, for stage IV rectal cancer patients with resect-
able or potentially resectable metastasis, chemotherapy 
plus primary tumor radiotherapy or surgical resection is 
recommended. However, patients with resectable primary 
rectal tumor and resectable synchronous metastases are 
limited. A larger cohort is needed to validate our results.

The lack of an anti- CTLA4 treatment group in single 
dose radiotherapy- synchronous CRC liver metastasis 
experiment is a limitation, which makes us unable to 
estimate the role of anti- CLTA4 in tumor control. In the 
dose- fractionated radiotherapy- synchronous CRC liver 
metastasis experiment, we added anti- CTLA4 treatment 
group and found that anti- CTLA4 alone could inhibit 
tumor growth and liver metastasis.

Another limitation is the lack of anti- PD-1+RT group in 
the metastatic model. Our previous work demonstrated 
that RT combined with anti- PD1 enhanced the control of 
tumor growth in a single dose radiotherapy mice model.52 
Dovedi et al’s work showed that the combination of frac-
tionated radiotherapy and anti- PD1 generated systemic 
antitumor responses and tumor control in both irradiated 
tumor and abscopal effect.44 In our future study, we plan 
to investigate the effect of combination of anti- PD1 and 
RT on rectal cancer metastasis, and compare the effects 
of RT combined with CTLA4 and PD1.

CONCLUSION
In this study, our results demonstrated that tumor micro-
environment is correlated with prognosis of rectal cancer 
following nCRT. Tregs are related to the recurrence of 
tumors after radiation therapy and poor prognosis. 
The heterogeneous abscopal effect of radiotherapy on 
different metastatic or synchronous extracolonic cancer 
might have been due to distinct tumor immune microen-
vironments within different lesions. Our results indicate 
that depleting Tregs with anti- CD25 or anti- CTLA4 may 
enhance the effect of radiation therapy to control both 
local and systemic tumors and has the potential to signifi-
cantly improve clinical outcomes.
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