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ABSTRACT
Background Immune checkpoint inhibitors (ICIs), 
including anti- PD- 1 therapy, have limited efficacy in 
patients with microsatellite stable (MSS) colorectal 
cancer (CRC). Interleukin 17A (IL- 17A) activity leads to a 
protumor microenvironment, dependent on its ability to 
induce the production of inflammatory mediators, mobilize 
myeloid cells and reshape the tumor environment. In the 
present study, we aimed to investigate the role of IL- 17A 
in resistance to antitumor immunity and to explore the 
feasibility of anti- IL- 17A combined with anti- PD- 1 therapy 
in MSS CRC murine models.
Methods The expression of programmed cell death- 
ligand 1 (PD- L1) and its regulation by miR- 15b- 5p were 
investigated in MSS CRC cell lines and tissues. The effects 
of miR- 15b- 5p on tumorigenesis and anti- PD- 1 treatment 
sensitivity were verified both in vitro and in colitis- 
associated cancer (CAC) and APCmin/+ murine models. In 
vivo efficacy and mechanistic studies were conducted 
using antibodies targeting IL- 17A and PD- 1 in mice 
bearing subcutaneous CT26 and MC38 tumors.
Results Evaluation of clinical pathological specimens 
confirmed that PD- L1 mRNA levels are associated with 
CD8+ T cell infiltration and better prognosis. miR- 15b- 5p 
was found to downregulate the expression of PD- L1 at the 
protein level, inhibit tumorigenesis and enhance anti- PD- 1 
sensitivity in CAC and APCmin/+ CRC models. IL- 17A led to 
high PD- L1 expression in CRC cells through regulating the 
P65/NRF1/miR- 15b- 5p axis. Combined IL- 17A and PD- 1 
blockade had efficacy in CT26 and MC38 tumors, with 
more cytotoxic T lymphocytes cells and fewer myeloid- 
derived suppressor cells in tumors.
Conclusions IL- 17A increases PD- L1 expression through 
the p65/NRF1/miR- 15b- 5p axis and promotes resistance 
to anti- PD- 1 therapy. Blocking IL- 17A improved the 
efficacy of anti- PD- 1 therapy in MSS CRC murine models. 
IL- 17A might serve as a therapeutic target to sensitize 
patients with MSS CRC to ICI therapy.

BACKGROUND
Colorectal cancer (CRC) is the third most 
commonly diagnosed cancer and ranks as 
the second most frequent cause of cancer 
mortality worldwide.1 Immune checkpoint 
inhibitors (ICIs), especially anti- PD- 1 therapy, 
have dramatically reshaped the landscape 

of cancer therapy in recent years.2 Unfortu-
nately, the role of ICIs in CRC is limited to 
the microsatellite instability- high (MSI- H) 
tumors. For patients with microsatellite 
stability (MSS) CRC (approximately 90%), 
the response rate was only 5%–10%.3–5 A 
recent clinical report, the REGONIVO trial, 
demonstrated that Regorafenib combined 
with anti- PD- 1 therapy could achieve an 
objective response rate of 33% in patients 
with MSS CRC.6 However, limited by the scale 
and insufficient evidence of clinical practice, 
there is still an urgent need to explain the 
resistance mechanisms and improve the effi-
cacy of ICIs in MSS CRC.

The regulation of programmed cell death- 
ligand1 (PD- L1) protein expression in tumors 
driven by interferon γ (IFN-γ) signals at the 
transcriptional level is considered to be the 
major reason for its predictive value in ICIs 
therapy in non- small cell lung carcinoma 
(NSCLC), gastric cancer, and gastroesoph-
ageal junction tumors.7 8 However, in CRC, 
PD- L1 protein expression was not found to 
be associated with the response to ICIs or 
survival in registration studies.9 This strongly 
suggests the heterogeneity of PD- L1 in the 
regulation mechanism in CRC cells, especially 
by post- transcriptional regulations and post- 
translational modifications (PTM), such as 
microRNA, protein glycosylation, phosphory-
lation, and ubiquitination.10 11 Recently, there 
has been increasing interest in the research 
exploring the predictive value of PD- L1 mRNA 
expression for ICIs therapy and survival.12 13 
Several studies have shown that measurement 
of PD- L1 mRNA expression is comparable to 
measuring PD- L1 protein levels, both analyt-
ically and clinically, and even for melanoma 
samples, the mRNA level may be superior to 
the protein level in to predict the efficacy of 
ICIs.14 However, this predictive value of the 
PD- L1 mRNA level in CRC remains unclear.
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The T- helper (Th) 17 and interleukin 17 (IL- 17) signa-
tures were proven to be associated with poor prognosis 
in patients with CRC.15 IL- 17A/interleukin 17 receptor 
A (IL- 17RA) activates extracellular regulated kinase, 
p38 mitogen- activated protein kinase, and nuclear 
factor kappa B (NF-κB) signaling pathways within trans-
formed enterocytes and promotes the tumorigenesis 
and angiogenesis.16 IL- 17A released from γδT17 cells 
has also been confirmed to promote the recruitment of 
myeloid- derived suppressor cells (MDSCs) in mice colon 
tumors.17 Another study established that IL- 17 signaling 
pathway can increase the immunosuppressive activity of 
regulatory T cells (Tregs), resulting in tumor growth and 
development.18 In the era of ICIs, researchers have been 
renewed their interest in the key role of IL- 17A in immu-
notherapy, especially in CRC. A clinical analysis from 
Johns Hopkins University suggested that the activation 
of IL- 17A signaling is related to the failure of anti- PD- 1 
therapy in patients with MSS CRC.19 Research from MD 
Anderson suggested a novel combinatorial strategy (eg, 
anti- IL- 17A and anti- PD- 1) to overcome resistance to ICIs 
in MSS CRC.20 Intriguingly, IL- 17+ cells exist at a much 
higher frequency in MSS tumors than in MSI- H tumors 
among patients with CRC.21 Although growing evidence 
suggests that IL- 17A activity might drive resistance to 
antitumor immunity and contribute to the therapeutic 
failure, there is still uncertainty as to whether blocking 
IL- 17A could enhance the sensitivity to ICIs of MSS CRC.

In the current study, we hypothesized that IL- 17A- 
mediated accumulation of PD- L1 at the post- 
transcriptional level would promote immune escape 
in MSS CRC. Blocking IL- 17A might enhance tumor 
response to anti- PD- 1 therapy in MSS CRC murine 
models. A significant benefit was observed from blocking 
IL- 17A combined with anti- PD- 1 therapy in the subcuta-
neous CT26 and MC38 models. Mechanistic studies in 
colitis- associated cancer (CAC) and APCmin/+ CRC models 
revealed that PD- L1 levels were upregulated by IL- 17A 
and miR- 15b- 5p at the post- transcriptional level, thereby 
suppressing the efficacy of ICIs. These results indicated 
that targeting IL- 17A might improve the response to ICIs 
in MSS CRC.

MATERIALS AND METHODS
Patients and specimens
A CRC tissue microarray containing samples from 101 
cases of colon cancer and paired adjacent noncan-
cerous tissue was purchased from Superchip Biotech 
(HColA180Su17) (Shanghai, China). Additionally, 21 
pairs of MSS colorectal tumors and adjacent colon tissues, 
27 cases of colitis cancer tissues, and tissue samples from 
160 cases of colorectal tumors were obtained from patients 
who underwent surgery at Harbin Medical University 
Cancer Hospital from January 2013 to January 2016. All 
patients in this study have provided written informed 
consent for the use of their specimens and information 

for future investigations according to guidelines of the 
ethics committee.

Cell lines
The murine colon cancer cell line CT26 was purchased 
from the American Type Culture Collection (Manassas, 
Virginia, USA) and the murine colon cancer cell line 
MC38 was purchased from National Infrastructure of 
Cell Line Resource (Beijing, China). Both murine cell 
lines were cultured in RPMI- 1640 medium (Gibco, Cali-
fornia, USA) supplemented with 10% fetal bovine serum 
(FBS, Gibco) and 1% penicillin/streptomycin antibi-
otics (Gibco). Human colon epithelial cell lines FHC 
and NCM460 and human MSS CRC cell lines SW1116, 
HT29, SW480, and SW620 were obtained from the Cell 
Bank of the Type Culture Collection, Chinese Academy 
of Sciences (Shanghai, China). Cell lines FHC, NCM460, 
and HT29 were cultured in RPMI- 1640 (Gibco) medium, 
SW1116 in F12K (Gibco) medium, and both SW480 and 
SW620 were cultured in L15 (Gibco) medium. All media 
for the human cell lines were supplemented with 10% FBS 
and 1% penicillin/streptomycin antibiotics at the same 
concentrations as for the murine cell lines. Cell lines in 
the logarithmic growth phase will be used for reagents 
(cytokine) treating tests or subcultured to maintain high 
cell viability. CT26, MC38, HT29, SW480, and SW620 are 
subcultured about every 2 days, and FHC, NCM460, and 
SW1116 are subcultured every 3 days. Experiments were 
carried out within 6 months after acquisition of the cell 
lines. All cell lines were validated by STR DNA finger-
printing. In addition, mycoplasma contamination was 
ruled out using a PCR- based method.

Analysis of MSI status by immunohistochemical staining (IHC) 
and PCR
MSI status were analyzed by IHC and PCR, respectively, 
and only the samples with the same results of MSI status 
detected by the two methods would be included in this 
study. IHC for MMR proteins including MLH1, MSH2, 
MSH6, and PMS2 was performed with mouse or rabbit 
monoclonal antibodies. Loss of a MMR protein was 
defined as the absence of nuclear staining of tumor cells 
in the presence of positive nuclear staining in internal 
controls. Tumor loss of at least one MMR protein was 
collectively designated as dMMR (or MSI- H), and tumors 
with intact MMR protein expression designated as profi-
cient MMR (pMMR or MSS).21

In addition, MSI status was determined by PCR analysis 
using a 3730 sequencer (Life Technologies, Carlsbad, Cali-
fornia, USA). For this purpose, prepared formalin- fixed 
paraffin- embedded (FFPE) tissue were diluted to 20 ng/
µL, respectively, followed by addition of 2.8 µL ddH2O, 
4 µL 2.5× Buffer A, 2 µL 5× MSI Primer Mix, and 0.2 µL 
Taq DNA Polymerase I. PCR amplification was carried out 
as follows: predenaturation at 95°C for 5 min, followed by 
30 cycles at 94°C for 30 s, 60°C for 1 min, 70°C for 1 min; 
and then final extension at 60°C for 30 min. Finally, the 
temperature was reduced to 15°C, and samples were 
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centrifuged at 3000 rpm for 1 min. NR- 21 and BAT26 were 
labeled with a blue fluorescent dye, NR- 27 and BAT- 25 
with a green dye, and NR- 24 and MONO- 27 with a yellow 
dye. Tumors were termed MSI- H/dMMR if one or more 
markers showed instability and MSS/pMMR in case of no 
mutation.22

T-cell coculture model
CD8+ T cells were sorted from BABL/c or C57BL/6J 
mouse spleens using flow cytometry and placed in RPMI- 
1640 medium supplemented with IL- 2 (1000 U/mL). On 
day 1, the cells were plated at a density of 2×106 per well in 
six- well plates and stimulated with mouse IFN-γ (1000 U/
mL). On day 2, anti- CD3 antibody (50 ng/mL) and IL- 2 
(1000 U/mL) were added into the medium to promote 
T- cell activation. The culture medium with IL- 2 (1000 U/
mL) was changed every 3 days. CT26 or MC38 cells in 
logarithmic growth phase were transfected with miR- 
15b- 5p mimics or miR- SC (scrambled control) controls 
for 36 hours. Stimulated CD8+ T cells were subsequently 
harvested and cocultured with the CT26 or MC38 cells 
at a 10:1 ratio for 24 hours. T cells and cell debris were 
removed by washing with phosphate- buffered saline 
(PBS), and living tumor cells were analyzed using crystal 
violet staining.

In vivo efficacy studies
For the studies, 2×105 CT26 cells were injected subcuta-
neously in the flank of BALB/c mice (n=9 per group) 
and 1×106 MC38 cells were injected subcutaneously in 
the flank of C57BL/6J mice (n=9 per group). Once 
tumors reached 50–100 mm3 volume, each mouse 
treated with 100 µg/mouse of isotype, anti- IL- 17A, or 
anti- PD- 1 Abs every 2 days. Tumor growth and survival 
were assessed. Tumor size was determined using elec-
tronic calipers to measure the length and width and 
calculated by L×W2/2.

Lentiviral and adeno-associated virus (AAV)
Mouse miR- 15b- 5p sequences were cloned into pLent- 
Puro- CMV- miR- 15b- 5p lentiviral vectors (Vigene Biosci-
ences, Jinan, China). Thereafter, the lentiviral vectors 
were used to package the viral particles. Next, CT26 and 
MC38 cell lines were infected with this virus and both 
stably transformed overexpressing miR- 15bp- 5p cell and 
mock infected cells selected with puromycin (1 µg/mL, 
Sigma- Aldrich, Missouri, USA).

AAV- miR- 15b- 5p sponge virus particles were pack-
aged by Vigenebio (Jinan, China). The AAV infection of 
colon epithelial cells was based on a previously published 
method.23 After 12 hours of fasting, the mice were given 
an enema of PBS with AAVs. Under anesthesia, a soft 
catheter was inserted into the mouse anus at a depth of 
4 cm, and 0.2 mL of PBS with AAV- miR- 15b- 5p sponge or 
AAV- vector (5×1010 vg/mL) was instilled into the mouse 
colon. After recovery from the anesthesia, water and food 
were provided.

Murine models of colon cancer
BALB/c (female, 6 weeks old) or C57BL/6 mice (female, 
6 weeks old) were purchased from the Vital River Labo-
ratory (Beijing, China). C57BL/6J- ApcMin/+ mice (male, 
6 weeks old) were purchased from the Model Animal 
Resource Information Platform (Nanjing, China). All 
animal studies were conducted with the approval of the 
Harbin Medical University’s Institutional Animal Care 
and Use Committee, in compliance with the ARRIVE 
guidelines for the care and use of laboratory animals. All 
mice were bred and maintained in- house on a regulated 
12 hour day/night cycle.

CAC model, established as based on our previously 
published protocol, was used in this study.24 Briefly, 
BALB/c female mice were treated with two drugs: azoxy-
methane (AOM) and dextran sodium sulfate (DSS), to 
induce colon tumors. At 6 weeks of age, female BALB/c 
mice (n=40) were divided into control and blocking 
miR- 15b- 5p groups (n=20 per group). The experimental 
groups were injected intraperitoneally with 12.5 mg/
kg AOM, after which they were given 2.5% DSS in water 
for 5 days, and then water only for 14 days. This cycle 
was repeated three times. Control groups were either 
untreated or they were treated with AOM or DSS only. 
Mice in all groups were sacrificed on day 100, including 
those with significant weight loss in AOM/DSS group.

C57BL/6J- ApcMin/+ mice (n=20) were divided into 
control and blocking miR- 15b- 5p groups (n=10 per 
group). Two weeks after administration of AAV, all the 
Apcmin/+ mice and control mice were placed on a high 
60% kcal diet (D12492, Xietong, Nanjing, China) to 
increase tumor development.25

Public data collection and analysis
The gene expression data with standard annotation 
were downloaded from the cancer genome atlas (TCGA, 
https:// portal. gdc. cancer. gov/) and uploaded to the 
CIBERSORT web portal (http:// cibersort. stanford. 
edu/), and the algorithm was run using the LM22 signa-
ture.26 The GSE68306 data were downloaded from the 
website (https://www. ncbi. nlm. nih. gov/ geo/ query/ acc. 
cgi? acc= GSE68306). Heatmaps were constructed and 
produced using R package.

Statistical analysis
Statistical analyses of the immunohistochemistry results 
are explained in the online supplemental data section. 
For experiments with cell lines, the results are expressed 
as mean±SD and the statistical significance was assessed 
by two- tailed unpaired Student’s t test using GraphPad 
Instat3. Differences were considered significant when 
p<0.05. In the figures, * indicates p<0.05, **p<0.01, and 
***p<0.001. For multiple comparisons, analysis of vari-
ance followed by Tukey’s multiple comparison test (when 
all groups were compared with each other) was applied. 
Cumulative survival time was estimated by the Kaplan- 
Meier method, and the log- rank test was applied to 
compare the groups. p<0.05 was considered statistically 
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significant. P values and R values were calculated based 
on the analysis of Pearson’s correlation.

Detailed methods are enclosed in the online supple-
mental methods section.

RESULTS
PD-L1 mRNA level is associated with CD8+ T cell infiltration 
and prognosis in MSS CRC
PD- L1 expression at the protein and mRNA levels was 
assessed in CRC (MSS type, n=210, MSI- H type, n=51; 
online supplemental table 1) tissues using IHC and in 
situ hybridization. The expression level (intensity) was 
scored as 0 (−, absent), 1 (+, weak), 2 (++, moderate) 
or 3 (+++, strong) (online supplemental figure 1A,B). 
Tissues with scores of 0 and 1 were divided into the low 
expression group, and tissues with scores of 2 and 3 
were placed into high expression group. PD- L1 protein 

levels were consistent with mRNA levels only in MSI- H 
CRC tissues but not in MSS CRC (MSS CRC, p=0.206; 
MSI- H CRC, p<0.001; figure 1A,B). In particular, in the 
PD- L1 protein overexpression group of patients with 
MSS CRC, nearly 2/3 (65.3%) tissues had no elevation 
of the PD- L1 mRNA level (figure 1B). Associations of 
PD- L1 protein or mRNA with prognosis and CD8 +cell 
infiltration were also analyzed in patients with MSS 
CRC. The results showed that patients with higher PD- 
L1 mRNA levels had a better prognosis (Log- rank test 
p=0.015, figure 1C). In addition, CD8+ cell infiltra-
tion was increased in patients with high PD- L1 mRNA 
(p<0.001, figure 1D). Neither overall survival nor CD8+ 
cell infiltration was significantly associated with PD- L1 
protein status (figure 1C,D). CIBERSORT algorithm 
was used to analyze the composition of CD8 T cell, acti-
vated CD4 T cell, macrophages and regulatory T cell in 

Figure 1 PD- L1 mRNA level is associated with CD8+ T cells infiltration and prognosis in MSS CRC. (A) Representative 
expression of PD- L1 protein and mRNA in MSS and MSI- H CRC tissues (scale bar, 100 µm; magnification scale bar, 200 µm). 
(B) Statistical analysis was conducted based on the level of PD- L1 protein and mRNA in patients with MSS and MSI- H. (C) 
Kaplan- Meier analysis of the overall survival rate of patients with MSS CRC, according to PD- L1 protein expression (left panel) 
and PD- L1 mRNA level (right panel). (D) Correlations of CD8+ cells densities with PD- L1 expression, according to PD- L1 protein 
expression (left panel) and PD- L1 mRNA level (right panel) in patients with MSS CRC (n=123). (E) Western Blotting detection 
showed that PD- L1 protein expression in MSS CRC tissues was higher than that in adjacent tissues (n=22). (F) RT- qPCR 
analysis showed that there was no significant difference in PD- L1 mRNA levels between MSS CRC tissues and adjacent tissues 
(n=54). P values and R values were calculated based on the analysis of Pearson’s correlation. The significance of survival 
difference was determined by the log rank test. Student’s t test. *P<0.05, **p<0.01, and ***p<0.001. CRC, colorectal cancer; 
MSI- H, microsatellite instability- high; MSS, microsatellite stable; PD- L1, programmed cell death ligand 1.
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CRC samples in TCGA database. We found that elevated 
PD- L1 mRNA expression predicted better antitumor 
immune cell infiltration both in total CRC samples 
and in MSS CRC samples (online supplemental figure 
1C,D). Compared with adjacent tissues of CRC, PD- L1 
protein levels were elevated in MSS CRC tissues, but the 
difference in mRNA levels was not established (Protein 
p<0.05, mRNA p=0.621, figure 1E,F). Overall, PD- L1 
mRNA expression level, but not the protein level, was 
associated significantly with CD8+ cell infiltration and 
patient survival prognosis in patients with MSS CRC.

miR-15b-5p is a regulator of PD-L1 at post-transcriptional 
level in MSS CRC
CAC is reportedly an MSS tumor.27 28 We observed that 
PD- L1 protein level is elevated gradually from normal 
colon epithelial cells, to inflammation- associated colon 
epithelial cells, to CAC cells in patients (online supple-
mental figure 2A). A seminal study has shown that the 
expression levels of a series of microRNAs (miRNAs) 
decreased gradually during this process (GSE68306) 
(figure 2A).29 Next, miRTarBase and targetscan data-
bases were used to predict candidate miRNAs that target 

Figure 2 miR- 15b- 5p is a regulator of PD- L1 at post- transcriptional level in MSS CRC. (A) Heat map analysis of miRNA that 
gradually decreased from normal colon epithelial cells, to inflammation- associated colon epithelial cells, to cancer cells by 
GEO databases (GSE68306). (B) The Venn diagram indicates that miR- 15b- 5p, as a putative regulator of PD- L1 in CRC. (C) 
TCGA database analysis of miR- 15b- 5p expression decreased in MSS CRC samples compared with normal tissue. (D) RT- 
qPCR analysis that miR- 15b- 5p was downregulated in a plurality of MSS CRC cell lines compared with normal colon epithelial- 
derived FHC and NCM460 cell lines. (E) Schematic representation of predicted miR- 15b- 5p binding sites within the human 
and mouse PD- L1 3’-UTR. (F) Expression of PD- L1 in protein levels were analyzed by western blotting analysis in CT26 and 
MC38 cell lines treated with miR- 15b- 5p mimic or inhibitor. (G) PD- L1 expression on tumor cell surface was analyzed by flow 
cytometry in CT26 and MC38 cells after transfection of miR- 15b- 5p mimic or inhibitor. (H) Luciferase reporter activity was 
analyzed after cotransfection of miR- 15b- 5p mimic or negative control and WT PD- L1 3’-UTR luciferase reporter construct or 
mutant (Mut) construct into CT26 and MC38 cells. (I) Expression of PD- L1 in protein levels was analyzed by western blotting 
analysis after transfection of miR- 15b- 5p mimic or inhibitor into SW480 and SW1116 cell lines. (J) Luciferase reporter activity 
was analyzed after cotransfection of miR- 15b- 5p mimic or negative control and WT PD- L1 3’-UTR luciferase reporter construct 
or mutant (Mut) construct into SW1116 cells. The mean±SD from three independent experiments is represented. Data represent 
mean±SD. Results are representative of at least three separate experiments. Student’s t test. *P<0.05, **p<0.01, and ***p<0.001. 
CRC, colorectal cancer; MSS, microsatellite stable; PD- L1, programmed cell death ligand 1; UTR, untranslated region; WT, wild 
type.
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PD- L1 in mice and human cells, which showed that miR- 
15a- 5p and miR- 15b- 5p are potential miRNAs targeting 
PD- L1 (figure 2B). Transfection of miRNA mimics into 
CT26 and MC38 cell lines indicated that only miR- 15b- 5p 
reduced the levels of PD- L1 protein (online supple-
mental figure 2B). TCGA database also showed that 
miR- 15b- 5p expression was significantly decreased in 
MSS CRC samples compared with that in normal colon 
tissues (figure 2C). Moreover, miR- 15b- 5p was found to 
be downregulated in human MSS- type colon cancer cell 
lines (SW1116, HT29, SW480, and SW620) and mice 
colon cancer cell lines (CT26 and MC38) relative to that 
in the normal colon epithelial- derived cell lines, FHC and 
NCM460 (figure 2D).

Next, we analyzed the human and mouse PD- L1 mRNA 
sequences and found the homology region of miR- 15b- 5p 
in the 3'-untranslated region (UTR) (figure 2E). CT26 
and MC38 cell lines were used to assess the effect of miR- 
15b- 5p on the expression of PD- L1. Cells transfected with 
miR- 15b- 5p mimics or inhibitors were collected 48 hours 
after transfection. Results showed that miR- 15b- 5p mimics 
could reduce the PD- L1 protein level in whole cell lysates 
and on the cell surface (figure 2F,G). In contrast, an 
inhibitor of miR- 15b- 5p increased PD- L1 protein levels 
(figure 2F,G); however, no significant change in PD- 
L1 expression was observed at the mRNA level (online 
supplemental figure 2C). Luciferase reporter assays were 
performed using reporter plasmids containing either the 
wild- type (WT) PD- L1 3’-UTR or mutant (Mut) PD- L1 
3’-UTR (online supplemental figure 2D). Transfection of 
the WT reporter and miR- 15b- 5p mimic into CT26 and 
MC38 cells significantly inhibited the luciferase activity 
compared with that in the control, whereas luciferase 
activity was restored when the predicted 3’-UTR- binding 
sites were mutated (figure 2H). In addition, analysis of 
inhibition of PD- L1 protein levels by miR- 15b- 5p binding 
to the 3’-UTR was also confirmed in human MSS CRC cell 
lines (SW1116, HT29, SW480, and SW620) (figure 2I,J 
and online supplemental figure 2E–G). All cell lines were 
tested during the logarithmic phase, and samples were 
collected after transfection 48 hours. In short, we demon-
strated that miR- 15b- 5p could decrease the level of PD- L1 
protein without affecting the mRNA level in mouse and 
human MSS CRC cells.

miR-15b-5p inhibits CRC tumorigenesis and sensitizes tumors 
to anti-PD-1 therapy by targeting PD-L1 in murine models
To further validate the role of miR- 15b- 5p in PD- L1- 
mediated immunosuppression, we infected mice colons 
with AAV carrying an antisense sequence (miR- 15b- 5p 
sponge vector) to inhibit the miR- 15b- 5p expression 
and evaluated the effects of miR- 15b- 5p on tumorigen-
esis in CAC and APCmin/+ colon cancer murine models 
(figure 3A,B). Blocking miR- 15b- 5p promoted tumor-
igenesis in the CAC model (figure 3C, online supple-
mental figure 3A–C). Compared with control group, 
the expression of PD- L1 was increased and CD8+ cell 
numbers were significantly decreased in the miR- 15b- 5p 

blocking group (figure 3D). Similar results were observed 
in the APCmin/+ colon cancer model. After blocking miR- 
15b- 5p, tumor progression in APCmin/+ mice was more 
advanced (figure 3E). Meanwhile, PD- L1 expression and 
CD8+ cell depletion increased (figure 3F).

Next, we performed the T cell- mediated cancer cell 
killing and found that CT26 and MC38 cells overex-
pressing miR- 15b- 5p were more susceptible to T cell 
killing (figure 3G). CT26 (derived from BALB/c) and 
MC38 (derived from C57BL/6J) cells overexpressing 
miR- 15b- 5p were inoculated into mice, respectively 
(online supplemental figure 3D,E). Treatment with anti- 
PD- 1 antibody reduced the growth rate of miR- 15b- 5p 
overexpressing tumors (figure 3H, online supplemental 
figure 3F) and prolonged the survival of both mouse 
strains (figure 3I, online supplemental figure 3G). Cyto-
toxic T lymphocyte cells (CTLs, CD3+ CD8+ IFNγ+) 
played the major antitumor effect in tumor milieu. And 
the increase in CTLs was often regarded as the main indi-
cator of optimistic efficacy in the using of ICIs in CRC.30 31 
We performed tumor infiltrating lymphocyte (TIL) anal-
ysis, and the results showed that the proportion of CTLs 
increased significantly in the miR- 15b- 5p overexpres-
sion with PD- 1 antibody- treated group (figure 3J, online 
supplemental figure 3H). Above all, these results showed 
that blocking miR- 15b- 5p promotes CRC tumorigenesis 
by elevating PD- L1 levels and that overexpressing miR- 
15b- 5p sensitizes tumors to anti- PD- 1 therapy in murine 
models. Increasing miR- 15b- 5p expression might bring 
benefit for ICIs therapy; therefore, we continued to 
explore the mechanism of the decreased expression of 
miR- 15b- 5p in MSS CRC cells.

IL-17A downregulates miR-15b-5p and enhances PD-L1 
protein levels in MSS CRC cells
Inflammatory cytokine networks are critical mediators 
to regulate gene and miRNA expression in tumor cells. 
To ascertain which inflammatory factors are involved in 
miR- 15b- 5p down- regulation and PD- L1 upregulation, 
we treated CT26 and MC38 with seven cytokines for 
12 hours and then analyzed the miR- 15b- 5p expression 
in tumor cells. These seven cytokines including tumor 
necrosis factor-α (TNF-α), interleukin- 6 (IL- 6), interleu-
kin- 8 (IL- 8), interleukin- 10 (IL- 10), interleukin- 17A (IL- 
17A), interleukin- 21 (IL- 21), and IFN-γ are well- known 
core proinflammatory cytokines or immunomodulatory 
cytokines in CRC.32 Only IL- 17A and IFN-γ significantly 
downregulated the miR- 15b- 5p level (figure 4A). IFN-γ, 
a cytokine associated with TH1 cell response, is not 
highly enriched in CRC.33 Therefore, we investigated the 
effects of IL- 17A on miR- 15b- 5p expression. We found 
that the miR- 15b- 5p level decreased significantly in CT26 
and MC38 in a time and dose- dependent manner after 
IL- 17A treatment (figure 4B,C). Meanwhile, IL- 17A could 
reduce the expression of miR- 15b- 5p in SW1116 cell line 
in a dose- dependent manner (figure 4D). Moreover, 
similar results were observed in other human MSS CRC 
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cell lines (HT29, SW480, and SW620) treated with IL- 17A 
(figure 4E).

In addition, we examined the effect of IL- 17A on the 
expression of PD- L1 in CT26 and MC38 cell lines. The 
results showed that IL- 17A could increase the PD- L1 
protein level, but the mRNA level did not change signifi-
cantly (figure 4F). This phenomenon was also observed in 
human colon cancer cell lines (SW1116, SW480, SW620, 
and HT29) (figure 4G). Collectively, these data suggested 
that IL- 17A could reduce the expression of miR- 15b- 5p 
and increase the level of PD- L1 protein in MSS CRC cell 
lines.

NRF1 is the major transcription factor for IL-17A to 
accumulate PD-L1 protein
To investigate the mechanism by which IL- 17A regu-
lates miR- 15b- 5p and PD- L1 expression, we searched for 
potential transcription factor binding sites in the miR- 
15b- 5p promoter region through TransFac programs and 
data from a previous study.34 We found that two transcrip-
tion factors, nuclear respiratory factor 1 (NRF1) and Yin 
Yang 1 (YY1), were candidate transcription factors for 
miR- 15b- 5p (figure 5A). Interestingly, both transcription 
factors were confirmed to bind to their target motif in 
CT26 and MC38 by chromatin immunoprecipitation 

Figure 3 miR- 15b- 5p inhibits CRC tumorigenesis and sensitizes anti- PD- 1 therapy by targeting PD- L1 in murine model. (A) 
Schematic representation of a mouse model of CAC following AAV (miR- 15b- 5p sponge) infection. (B) Schematic representation 
of a mouse model of APCmin/+ colon cancer after infecting AAV (miR- 15b- 5p sponge). (C) Representative images were shown 
and observed colitis- associated tumor in the control and blocking miR- 15b- 5p group. (D) Representative images of H&E, miR- 
15b- 5p, PD- L1, and CD8 +cells stained from CAC tumor tissues of control and blocking miR- 15b- 5p group mice (scale bar, 
200 µm). (E) Representative images were shown and observed APCmin/+ tumor in the control and blocking miR- 15b- 5p group. 
(F) Representative images of H&E, miR- 15b- 5p, PD- L1, and CD8+ cells stained from APCmin/+ tumor tissues of control and 
blocking miR- 15b- 5p group mice (scale bar, 200 µm). (G) T cell- meditated tumor cell killing assay was performed in CT26 and 
MC38 cells infected with miR- 15b- 5p or control lentivirus. (H) Tumor growth of miR- sc, miR- 15b- 5p CT26 cells with or not PD- 1 
antibody treated in BALB/c mice (n=7 mice per group). (I) Survival of mice bearing syngeneic CT26 tumors following treatment 
with PD- 1 antibody (n=9 mice per group). (J) Intracellular cytokine staining of CD8+ IFN-γ+ cells in the CD3+ T cell populations 
from isolated TILs. Data represent mean±SD. ANOVA followed by Tukey’s multiple comparison test was applied. Cumulative 
survival time was estimated by the Kaplan- Meier method, and the log- rank test was applied to compare the groups. *P<0.05, 
**p<0.01, and ***p<0.001. AAV, adeno- associated virus; ANOVA, analysis of variance; CAC, colitis- associated cancer; CRC, 
colorectal cancer; IFN, interferon; PD- L1, programmed cell death ligand 1; TIL, tumor- infiltrating lymphocyte.
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(Ch- IP) assay (figure 5B). NRF1 was also able to bind 
to the promoter region of miR- 15b- 5p in SW1116 and 
HT29 cell lines (online supplemental figure 4A). After 
overexpressing NRF1 and YY1 in CT26 and MC38 cells, 
respectively, we found that NRF1 could downregulate 
miR- 15b- 5p expression but YY1 could not, both in the two 
cell lines (figure 5C, online supplemental figure 4B). In 
addition, knockdown of NRF1, but not YY1, could upreg-
ulate miR- 15b- 5p level in cells (figure 5D, online supple-
mental figure 4C). Two pGL4.2 luciferase reporters were 
constructed, WT and mutant (Mut) miR- 15b- 5p promoter 
plasmids, to investigate the regulation by NRF1 of miR- 
15b- 5p (online supplemental figure 4D). The relative 
activity of the pGL4.2- WT- reporter was reduced by NRF1 
overexpression and enhanced by knockdown of NRF1 in 
CT26 and MC38 cells (figure 5E,F, online supplemental 
figure 4E,F). However, the pGL4.2- Mut- reporter was not 

affected by NRF1 in either cell line (figure 5E,F, online 
supplemental figure 4E,F).

We further examined whether IL- 17A represses miR- 
15b- 5p via NRF1 in CRC cells. NF-κB (P65) has been 
reported to be able to activate NRF1; therefore, we 
treated CT26 and MC38 cells with IL- 17A and the inhib-
itor of P65 (Bay11- 7082), respectively. The results showed 
that IL- 17A increased the expression of NRF1 and PD- L1 
in both cell lines. When CT26 and MC38 cell lines were 
treated simultaneously with IL- 17A and Bay11- 7082, the 
expression levels of NRF1 and PD- L1 were restored to 
control levels (figure 5G). After knocking down NRF1 in 
CT26, IL- 17A was unable to increase the expression of 
miR- 15b- 5p and PD- L1 (figure 5H). Taken together, these 
results showed that IL- 17A suppresses the level of miR- 
15b- 5p through the P65/NRF1/miR- 15b- 5p signal axis, 
thus promoting the expression of PD- L1.

Figure 4 IL- 17A downregulates miR- 15b- 5p and enhances PD- L1 protein expression in MSS CRC cells. (A) RT- qPCR was 
used to analyze the effects of seven cytokines on the expression of miR- 15b- 5p in CT26 and MC38 cells. (B) RT- qPCR was 
performed to determine the expression of miR- 15b- 5p in CT26 and MC38 cells treated with IL- 17A at indicated concentration 
for 12 hours. (C) RT- qPCR was performed to determine the expression of miR- 15b- 5p in CT26 and MC38 cells treated with IL- 
17A (100 ng/mL) for the indicated times. (D) SW1116 cells were treated with IL- 17A in a dose- dependent manner for 12 hours 
and then the expression of miR- 15b- 5p was detected. (E) Four human MSS CRC cell lines were treated with human IL- 17A 
(100 ng/mL), the expression of miR- 15b- 5p was detected by RT- qPCR. (F) CT26 and MC38 cell lines were treated with different 
concentrations of IL- 17A, protein and mRNA levels of PD- L1 were detected by Western Blotting and RT- qPCR, respectively. (G) 
SW1116, HT29, SW480, and SW620 cell lines were treated with IL- 17A (100 ng/mL), protein, and mRNA levels of PD- L1 were 
detected by Western Blotting and RT- qPCR, respectively. Data represent mean±SD. Student’s t test. *P<0.05, **p<0.01, and 
***p<0.001. CRC, colorectal cancer; IL, interleukin; MSS, microsatellite stable; PD- L1, programmed cell death ligand 1.
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IL-17A is elevated in MSS CRC and is associated with NRF1, 
miR-15b-5p, and PD-L1 expression in tumor tissues
To validate the signal transmission in MSS CRC tissues, 
we analyzed the correlations between IL- 17A, NRF1, 
miR- 15b- 5p, and PD- L1 expression in MSS CRC tumor 
specimens obtained from 160 patients. The results indi-
cated that miR- 15b- 5p expression is inversely associated 
with NRF1, IL- 17A, and PD- L1 (figure 6A). The statis-
tical results showed that IL- 17A+ cell count positively 
correlated with NRF1 expression (R=0.355, p<0.001; 
figure 6B), NRF1 expression inversely correlated with 
miR- 15b- 5p expression (R=−0.4526, p<0.001; figure 6C), 
and miR- 15b- 5p expression negatively correlated with 
PD- L1 expression (R=−0.4260, p<0.001; figure 6D). 
Next, we compared the expression levels of IL- 17A 

and miR- 15b- 5p in tumor tissues between patients with 
MSS and patients with MSI- H CRC. We found that 
IL- 17A positive cells were elevated in MSS tumors rela-
tive to those in MSI- H tumors (figure 6E). Moreover, 
miR- 15b- 5p expression was decreased in MSS tumors 
compared with that in MSI- H tumors (figure 6F). We 
further examined the correlation between the counts 
of CD3+ cell, MDSCs, and IL- 17A expression. CD33 was 
selected as the marker of MDSCs. Surprisingly, there 
was no significant correlation between IL- 17A+ cell and 
CD3+ cell counts in MSS CRC milieu (R=0.1079, 
p=0.235; figure 6G). In contrast, IL- 17A+cell count 
correlated positively with the number of CD33+ cell in 
MSS CRC tissues (R=0.2951, p<0.001; figure 6H). The 
above results confirmed that IL- 17A is elevated in MSS 

Figure 5 NRF1 is the major transcription factor for IL- 17A to accumulate PD- L1 protein. (A) Schematic representation of 
predicted NRF1 and YY1 binding sites in the promoter of mouse miR- 15b- 5p. (B) Ch- IP analyzes of NRF1 or YY1 binding to the 
miR- 15b- 5p promoter by antibodies against NRF1 or YY1 in CT26 and MC38 cells. (C,D) Effects of NRF1/YY1 overexpression 
or knockdown on miR- 15b- 5p expression through RT- qPCR analysis. (E,F) Modulation of the miR- 15b- 5p promoter activity by 
NRF1 overexpression or knockdown in CT26 cells. (G) The regulation of IL- 17A/P65 signaling on NRF1 and PD- L1 expression 
in CT26 and MC38 cells. (H) The effect of the IL- 17A/P65/NRF1 axis on miR- 15b- 5p expression in CT26 cells. Data represent 
mean±SD. Results are representative of at least three separate experiments. Student’s t test. *P<0.05, **p<0.01, and ***p<0.001. 
Ch- IP, chromatin immunoprecipitation; NRF1, nuclear respiratory factor 1; PD- L1, programmed cell death ligand 1.
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CRC and is associated with NRF1, miR- 15b- 5p, and 
PD- L1 expression in tumor tissues.

Blocking IL-17A enhances the efficacy of anti-PD-1 therapy in 
murine model by promoting PD-L1 protein degradation
All these above results indicated that blocking IL- 17A/
miR- 15b- 5p/PD- L1 signal axis had the potential to 
enhance the efficacy of anti- PD- 1 therapy in MSS CRC. 
Therefore, we verified the effect of combined anti- 
IL- 17A antibodies and anti- PD- 1 antibodies in CT26 
and MC38 tumor- bearing mice (figure 7A). The results 
demonstrated that the tumor growth in the combined 
group was significantly slower and the survival rate was 
also prolonged (figure 7B,C, online supplemental figure 
5A,B). Meanwhile, we analyzed the expression of IL- 17A, 
miR- 15b- 5p, and PD- L1 in each mouse tumor tissues 
and found that the expression of IL- 17A and PD- L1 
was decreased and the expression of miR- 15b- 5p was 
enhanced in the combined treatment group (figure 7D). 
The tumor- infiltrated activated CD8+ T cell (IFNγ+C-
D8+CD3+) population was increased in the combined 

treatment group (figure 7E and online supplemental 
figure 5C). In this xenograft experiment, we also found 
that MDSCs (Gr1 +CD11b+) numbers were reduced 
in tumors after blocking IL- 17A (figure 7F and online 
supplemental figure 5D). Immunofluorescence analysis 
showed that in the combined treatment group, CD3+ 
cell numbers were markedly increased, while CD11+ cell 
numbers were reduced (figure 7G, online supplemental 
figure 5E). In summary, we confirmed the significant 
effect of anti- IL- 17A combined with anti- PD- 1 therapy in 
the MSS CRC murine model and observed the effect of 
antitumor immune response induced by this combina-
tion therapy in the tumor microenvironment.

To further demonstrate the potential of targeting the 
IL- 17A signal in patients with MSS CRC, we collected 14 
patients with MSS CRC treated with anti- PD- 1 antibodies, 
and 2 of them achieved partial response (PR) after treat-
ment. We then detected the IL- 17A+cells in their tumor 
tissues and found that the counts of IL- 17A+cells in two 
patients were less than 10/HPF, including one patient 

Figure 6 IL- 17A is elevated in MSS CRC and is associated with NRF1, miR- 15b- 5p, and PD- L1 expression in tumor tissues. 
(A) Two representative IHC or ISH staining results for IL- 17A, miR- 15b- 5p, NRF1, and PD- L1 in tissues of patients with CRC 
(scale bar, 100 µm). (B) IL- 17A positive cell count was positively correlated with NRF1 expression (p<0.001, R=0.355). (C) 
NRF1 expression was negatively correlated with miR- 15b- 5p expression (p<0.001, R=−0.4526). (D) miR- 15b- 5p expression 
was negatively correlated with PD- L1 expression (p<0.001, R=−0.4260). (E) IL- 17A positive cells is elevated in tumors of MSS 
relative to MSI- H tumors (p<0.01). (F) miR- 15b- 5p expression is decreased in tumors of MSS relative to MSI- H tumors (p<0.01). 
(G) Correlations between IL- 17A positive cells and CD3+ cells is in MSS CRC tissues (p=0.1079, R=0.235). (H) Correlations 
between IL- 17A positive cells and CD33 positive cells is in MSS CRC tissues (p<0.001, R=0.2951). P values and R values were 
calculated based on the analysis of Pearson’s correlation. Student’s t test. *P<0.05, **p<0.01, and ***p<0.001. CRC, colorectal 
cancer; IHC, immunohistochemical staining; ISH, in situ hybridization; IL, interleukin; MSI- H, microsatellite instability- high; MSS, 
microsatellite stable; NRF1, nuclear respiratory factor 1; PD- L1, programmed cell death ligand 1.
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with PR and one patient with stable disease (SD, tumor 
reduction of 16% relative to baseline) (figure 7H). There-
fore, this result suggested that IL- 17A might serve as a 
promising therapeutic target for sensitizing ICIs therapy 
in patients with MSS CRC.

DISCUSSION
PD- L1 expression, as assessed using IHC, failed to predict 
the efficacy of ICIs in CRC.35 Data from a number of recent 
studies have proposed that the level of PD- L1 mRNA 
strongly correlated with prognosis and immune infiltra-
tion of tumors, especially in hepatocellular carcinoma 

(HCC), NSCLC, and malignant melanoma.12–14 To date, 
no study has investigated this predictive value of PD- L1 
mRNA in CRC. Herein, we examined PD- L1 expression 
in MSS and MSI- H tumor tissues from 261 patients with 
CRC at both the protein and mRNA levels. Notably, we 
confirmed that patients with MSS with elevated levels 
of PD- L1 mRNA had a better prognosis and more CD8 
+cell infiltration. Numerous clinical studies have also 
confirmed that the enrichment of CD8+ T cells indicates 
a good prognosis for patients with CRC and the potential 
of benefiting from ICIs treatment.36–39 Extraction of MSS 
CRC samples from TCGA database (mRNA expression 

Figure 7 Blocking IL- 17A enhances the efficacy of anti- PD- 1 therapy in murine model by promoting PD- L1 protein 
degradation. (A) Schematic diagram illustrating the treatment protocol of IL- 17A antibody and PD- 1 antibody in mice. (B) Tumor 
growth of CT26 cells with IL- 17A antibody and/or PD- 1 antibody treated in BALB/c mice (n=7 mice per group). (C) Survival 
of mice bearing CT26 tumors following treatment with IL- 17A antibody and/or PD- 1 antibody (n=9 mice per group). (D) IHC 
analysis of IL- 17A and PD- L1 expression, ISH analysis of miR- 15b- 5p expression in CT26 tumors of each group of mice. (E) 
FACS analysis of staining of CD8+ IFN-γ+ cells in the CD3+ T cell populations from isolated tumor- infiltrating lymphocytes. (F) 
FACS analysis of staining of CD11b+ and Gr1+ cells in the tumor- infiltrating lymphocyte. (G) Immunofluorescence was used 
to analyze the staining of CD3+ cells and CD11b+ cells in CT26 tumor mice. (H) Waterfall plot showing change in 14 patients 
with MSS CRC received anti- PD- 1 therapy tumor volume compared with baseline before treatment. Data represent mean±SD. 
ANOVA followed by Tukey’s multiple comparison test was applied. Cumulative survival time was estimated by the Kaplan- Meier 
method, and the log- rank test was applied to compare the groups. *P<0.05, **p<0.01, and ***p<0.001. ANOVA, analysis of 
variance; CRC, colorectal cancer; FACS, fluorescence- activated cell sorter; IFN, interferon; IHC, immunohistochemical staining; 
IL, interleukin; ISH, in situ hybridization; MSS, microsatellite stable; PD- 1: programmed death1; PD- L1, programmed cell death 
ligand 1.
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data) also confirmed that high expression of PD- L1 
predicted a better antitumor immune cell infiltration. 
Conversely, the correlation between the PD- L1 protein 
level and CD8+ cell infiltration or overall survival was 
not observed in patients with MSS CRC. Thus, the PD- 
L1 mRNA level, rather than the protein level, might be a 
potential biomarker to predicting prognosis and the effi-
cacy of ICIs in patients with MSS CRC.

The expression and clinical significance of PD- L1 
protein and mRNA is inconsistent in patients with MSS 
CRC, indicating that the regulation of PD- L1 occurs post- 
transcriptional. Recently, research studies explored the 
post- transcriptional regulations and PTM of PD- L1 expres-
sion and their effects on immunosuppression.10 11 In the 
current study, miR- 15b- 5p was identified and confirmed 
to inhibit PD- L1 expression in MSS CRC cells and murine 
models via post- transcriptional regulation. Consistent 
with our findings, other investigators have identified 
that miR- 15b levels were significantly lower in the PD- L1- 
positive samples in malignant pleural mesothelioma.40 
In addition, CAC and APCmin/+ murine models further 
confirmed that blocking miR- 15b- 5p promoted CRC 
tumorigenesis by inhibiting the recruitment of CD8+ T 
cells. Significantly, overexpression of miR- 15b- 5p could 
enhance the efficacy of anti- PD- 1 therapy in CT26 and 
MC38 tumors by increasing the counts of CTLs in tumors. 
Previous research has established that miR- 15b plays an 
important role in the diagnosis, metastasis, and resistance 
of CRC.41–43 The results of the present study provided 
insights into the function of miR- 15b- 5p in reshaping the 
tumor immune microenvironment by downregulating 
PD- L1. At the PTM level, COP9 signalosome complex 
subunit 5 (CSN5) and CKLF Like MARVEL Transmem-
brane Domain Containing 6 (CMTM6) had been proven 
to lead to the accumulation of PD- L1 via the ubiquitin/
proteasome pathway in CRC, which was meaningful for 
the activity of CD8+ T cells.44 45 Overall, our discovery of 
the effects of miR- 15b- 5p, combined with the PTM medi-
ators of PD- L1, provided potential explanations for why 
the clinical significance of PD- L1 protein is not consistent 
with that of its mRNA in MSS CRC.

Interferons are not the only inflammatory stimuli that 
have been linked to PD- L1 expression. TNF-α, IL- 6, IL- 10, 
and IL- 1β also have been shown to induce PD- L1.10 IL- 17A 
is a new player in the CRC cytokine milieu, which is asso-
ciated with tumorigenesis, angiogenesis, and metastasis 
of CRC.16 Several lines of evidence suggest that IL- 17A 
can increase the expression of PD- L1 and promote tumor 
progression in HCC or ovarian cancer.46 47 Nevertheless, 
the detailed mechanism was not established. In this study, 
we observed that IL- 17A could stimulate an increase in 
PD- L1 protein levels in CRC cells and tissues. In addition, 
we revealed that NRF1 is the key molecular mediator in 
this process and that IL- 17A could enhance the expres-
sion of PD- L1 in CRC cells through the P65/NRF1/
miR- 15b- 5p axis. To the best of our knowledge, this is the 
first report of the detailed mechanism by which IL- 17A 
promotes PD- L1 expression in CRC cells. This regulatory 

relationship between IL- 17A and PD- L1 indicates the 
potential of combining anti- IL- 17A therapy to enhance 
the sensitivity of ICIs in MSS CRC.

Correlative evidence also suggested that IL- 17 activity 
might drive escape from antitumor immunity and 
contribute to the therapeutic failure, especially in MSS 
CRC. First, the Th17/IL17A signature was found to be 
associated with poor prognosis in patients with CRC and 
Th17 cells existed in much higher frequency in MSS 
tumors than in MSI- H tumors.15 21 Second, recent clin-
ical evidence from Johns Hopkins University suggested 
that patients with MSS CRC who express high levels 
of PD- L1, are infiltrated by CTLs, and have no IL- 17 
producing TILs, might have a better response to anti- 
PD- 1 therapy.19 Third, to accelerate CRC progression, 
γδT cells reportedly promote the recruitment and expan-
sion of MDSCs by releasing IL- 17A.17 A recent report also 
confirmed that IL- 17 signaling inhibits the production 
of CXCL9/10 chemokines to reduce the infiltration of 
CTLs and Tregs into the CRC milieu.18 However, few 
studies have investigated the feasibility of such a prom-
ising scheme of combination of targeting IL- 17A and 
anti- PD- 1, whether in a murine model or clinical trial. 
This prospective study was designed to confirm the effect 
of this combined scheme in the subcutaneous CT26 and 
MC38 tumors. Combined IL- 17A and PD- 1 blockade elic-
ited significant efficacy and extended survival in the MSS 
CRC models. Another important observation was that 
anti- IL- 17A and anti- PD- 1 combination increased the 
numbers of CTLs (CD8+IFNγ+CD3+) and reduced those 
of MDSCs (CD11b+Gr1+) in tumors. This regimen clearly 
adjusts the phenotypic properties of the tumor immune 
environment and might make a subject more likely to 
respond to immunotherapy. Meanwhile, we performed 
further verification in 14 patients with MSS CRC treated 
with anti- PD- 1 drugs, which also proved that patients with 
loss of IL- 17A+cells were more likely to benefit from ICIs 
treatment.

Several potential limitations of this study should 
be noted. First, although numerous studies support 
the potential value of blocking IL- 17A for antitumor 
therapy, some researchers are cautious about the dual 
role of Th17/IL- 17A signaling in tumor progression.48 
We believe that it is based on the specific immune land-
scape, and the application of anti- IL- 17A therapy under 
appropriate conditions could achieve a significant thera-
peutic effect, including in combination with ICIs therapy. 
However, further exploration of the accurate criteria for 
the application of anti- IL- 17A in patients with MSS CRC is 
lacking in this study. Second, the heterogeneity of human 
tumors is much higher than that of the murine model; 
therefore, clinical evidence for the benefit of anti- IL- 17A 
is needed. Excitingly, monoclonal antibodies against 
IL- 17A are available. Secukinumab and Ixekizumab bind 
to IL- 17A and achieved excellent therapeutic efficacy and 
safety in patients with psoriasis, psoriatic arthritis, and 
ankylosing spondylitis.49 50 Therefore, in a further clinical 
trial, it is necessary to fully implement this combination 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-001895 on 18 January 2021. D

ow
nloaded from

 

http://jitc.bmj.com/


13Liu C, et al. J Immunother Cancer 2021;9:e001895. doi:10.1136/jitc-2020-001895

Open access

of anti- IL- 17A and anti- PD- 1 in the treatment of patients 
with MSS CRC.

CONCLUSION
In summary, while targeting IL- 17A is a promising clin-
ical direction to sensitize MSS CRC to ICIs therapy, 
adequate preclinical and clinical research is still neces-
sary. In this work, we used the combination of anti- IL- 17A 
and anti- PD- 1 therapy in the murine models of MSS CRC 
and observed a significant benefit. Mechanistic studies 
revealed that IL- 17A upregulated PD- L1 expression via 
the IL- 17A/P65/NRF1/miR- 15b- 5p axis at the post- 
transcriptional level in CRC cells, thereby suppressing 
the efficacy of immunotherapy. Meanwhile, the predic-
tive value of PD- L1 mRNA in prognosis and antitumor 
immunity in MSS CRC was preliminarily explored. Given 
its role in predicting CD8+ cell infiltration and overall 
survival, the PD- L1 mRNA level might have potential as a 
biomarker to predict the efficiency of ICIs in MSS CRC; 
however, further work is needed to test this predictive 
value of PD- L1 mRNA in clinical practice. Overall, our 
findings proved the feasibility of targeting IL- 17A to sensi-
tize the ICIs therapy in MSS CRC and revealed the novel 
mechanism by which IL- 17A promotes PD- L1 expression 
in CRC cells for the first time.
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SUPPLEMENTARY METHODS 

Reagents, Antibodies, and Plasmids 

Murine IL-2, IL-17A, IL6, TNFα, IL-8, IL-10, IL-21, IFN-γ and anti-CD3 antibody, 

human IL-17A were purchased from PeproTech (NJ, USA). Bay11-7082 were 

purchased from Selleck (Texas, USA). Azoxymethane (AOM) was purchased from 

Sigma Aldrich (MO, USA). Dextran sodium sulfate (DSS) was purchased from 

MPBIO (CA, USA). The antibodies used in the current study are listed at the 

supplemental table 2. Mouse NRF1 and YY1 over-expression vectors and knockdown 

vectors were obtained from Vigenebio (Jinan, China). pGL-4.20 and pMIR-reporter 

plasmids were gifts from School of Life Science and Technology, Harbin Institute of 

Technology. The shRNA sequences of NRF1 is 

5’-TATCCGGAAGAGGCAACAAACCTCGAG-3’ and 

5’-CCGTTGCCCAAGTGAATTATT-3’. The shRNA sequences of YY1 is 5’- 

CGATGGTTGTAATAAGAAGTT-3’ and 5’- GACGACGACTACATTGAACAA -3’. 

In situ hybridization (ISH) and immunohistochemical staining (IHC) 

ISH were performed according to the manufacturer’s instruction of the HOTAIR and 

microRNA ISH Optimization Kits (Boster, Wuhan, China). The triple 

digoxigenin-labeled antisense locked nucleic acid (LNA)-modified probes for PD-L1 

and miR-15b-5p were synthesized by Boster Biotech (Wuhan, China).  

IHC were performed as previously described. In brief, Paraffin-embedded 

4-μm-thick sections were deparaffinized, heated in citrate buffer (0.01 M), treated 

with 0.3% H2O2(v/v), and re-hydrated. After blocking, the sections were incubated 
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with antibody in a humid chamber at 4°C overnight. After several rinses in 

Phosphate-Buffered Saline (PBS), the sections were incubated in the biotinylated 

secondary antibody. Subsequently, the slides were rinsed in PBS, exposed to 

diaminobenzidine, and counterstained with Hematoxylin. After serial dehydration, the 

slides were mounted for microscopic examination. As a negative control for the 

staining procedure, the primary antibody was omitted. All antibody information is 

available at supplementary table 2. 

Evaluation of IHC and ISH variables 

The procedure for evaluation of immunohistochemical variables PD-L1(Protein), 

NRF1 and ISH variables miR-15b-5p and PD-L1(mRNA) were established as 

previous described. Briefly, the intensity staining was scored as 0 (absent), 1 (weak), 2 

(moderate), and 3 (marked). Percentage scores were assigned by the percentage of 

stained cells in a chosen field, as 1, 0–25%; 2, 26–50%; 3, 51–75%; and 4, 76–100%. 

The scores of each tumor sample were multiplied to give a final score of 0–14. PD-L1 

was evaluated based on immunostaining in tumor cells. The expression intensity was 

scored as 0 (absent), 1 (weak), 2 (moderate) or 3 (strong). 

IL-17A+, CD3+, CD8+ and CD33+ cells variables based on the following 

method. At a low-power field (×100), the tissue sections were screened, and the 5 

most representative fields were selected. Thereafter, respective areas were measured 

at ×400 magnification. The numbers of nucleated stromal cells in the tumor regions 

were then counted manually and expressed as cells per field. Positively stained cells 

that were smaller than the size of circulating T cells (10 μm) were excluded from 
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counting. All analysis was performed by 2 independent observers who were blinded to 

the clinical outcome. The average of counts by 2 investigators was applied in the 

following analysis to minimize interobserver variability. 

Western Blotting 

The cells or tissues were washed with ice-cold PBS and lysed with RIPA buffer 

containing protease inhibitors. The whole cell lysates were electrophoresed in 12% 

SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membranes. The 

membranes were blocked with 5% nonfat milk, and then incubated with a specific 

antibody overnight at 4°C. After incubation with primary antibodies at 4°C overnight, 

membranes were incubated with horseradish peroxidase-conjugated secondary 

antibodies for 1 hour at RT. ECL was used to visualize the immunoblot signals. The 

Abs used are listed in Supplementary Table 2. 

Real Time-quantitative PCR (RT-qPCR) 

Total RNA was extracted with TRIzol(Thermo Fisher Scientific, Waltham, USA), and 

1 μg RNA was used for reverse transcription into complementary DNA (cDNA) using 

the PrimeScript RT-PCR Kit (Takara, Tokyo, Japan). Real-time polymerase chain 

reaction (PCR) was conducted using the SYBR Premix Ex-Taq II kit (Takara, Tokyo, 

Japan) on the Quant Studio 3 Real-Time PCR System (Applied Biosystems, CA, 

USA). The fold changes were determined using the 2-△△CT method. All primer 

information is available at Supplementary Table 3. 

Flow cytometry (FACS) 

CT26 and MC38 cells were stained with PD-L1-PE Abs according to the 
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manufacturers’ instructions. Immunophenotypic analyses of tumor infiltrating 

lymphocytes were assessed by flow cytometry. Abs to stain for MDSCs were 

CD11b-PE, and Gr1-FITC. For cytotoxic lymphocyte cell activation markers, cells 

were stained with Ab specific for CD3-FITC, CD8-PE and IFN-γ-PE-dazzle. The 

lymphocytes isolated from the tumor tissue were pretreated with Fixation & 

Permeabilization Kit (BD product). Next cells were incubated on ice for 30 min, 

washed and fixed in PBS containing 1% formalin for flow cytometric analysis on a 

LSRII flow cytometer. The Abs used are listed in Supplementary Table2. 

Immunofluorescence analysis (IF) 

Mice were euthanized by carbon dioxide and the flank tumors were resected at 24 

days post-tumor injection. Tumors were fixed in 4% paraformaldehyde in PBS 

overnight at 4ºC, and then placed in 15% sucrose solution for 1 hour and in 30% 

sucrose solution overnight. Tissue was embedded in tissue freezing medium, 

sectioned, and stained by DAPI and antibodies against CD3, CD11b. For 

immunofluorescence analysis, tissues were stained with CD3 antibody, CD11b 

antibody followed by Alexa Fluor Plus 488 conjugated goat anti-rabbit IgG, Alexa 

Fluor 647 conjugated goat anti-rat IgG. Images were acquired on a Zeiss 710 Meta 

multi-photon confocal microscope. 

Chromatin immunoprecipitation (Ch-IP) 

CT26 and MC38 (1×10
8
 cells) were crosslinked with 4% paraformaldehyde at 37 °C 

for 15 min. After the cells were washed with PBS, they were resuspended in 600 μL 

of ChIP lysis buffer (50 mM Tris (pH 8.0), 1% SDS, 10mM EDT and 1 mM PMSF). 
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The DNA was sheared to lengths between 200 bp and 1000 bp by sonication. The 

protein-DNA complexes were precipitated with a ChIP-grade-NRF1 or 

ChIP-grade-YY1 antibody, with normal IgG antibody serving as a negative control, 

overnight at 4 °C. Protein A/G magnetic beads were used to purify the complexes, and 

the cross-linkages were reversed at 65 °C for 3 h. Next, the DNA was purified using a 

PCR Purification Kit (Qiagen, CA, USA). Finally, the binding capacity between 

NRF1 and miR-15b-5p promoter or YY1 and miR-15b-5p promoter was detected 

PCR. The miR-15b-5p promoter primer sequences used in the Ch-IP-PCR assay were 

listed in Supplementary Table 3. 

Dual luciferase activity assay 

The 3´-UTR of mice and human PD-L1 cDNA containing the putative target site for 

the miR-15b-5p was inserted into the pMIR-Reporter-control vector (Promega, WI, 

USA) immediately downstream of the luciferase gene. CT26 or MC38 cells were 

transfected with reporter plasmids and pRL-TK (Promega), together with 100 nM of 

miR-15b-5p mimics or NCs utilizing Lipofectamine 2000 (Invitrogen, CA, USA) 

according to the manufacturer’s protocol, respectively. miR-15b-5p promoter 

construct contained the wild-type or mutant NRF1-binding site in pGL4.2-Luc 

plasmids. CT26 and MC38 cells were transfected with pGL4.2-Luc plasmids, 

pRL-TK and pNRF1 or shNRF1 plasmids. After transfection for 48h, cells were lysed 

by lysis buffer. Luciferase activity was measured utilizing the Dual Luciferase 

Reporter Assay System (Promega). Firefly luciferase activity was normalized to 

Renilla luciferase activity for each transfected sample. 
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Supplemental Table 1. Clinical characteristics of the 261 CRC patients. 

Category N (%) 

Gender  

Male 155 (59.4) 

Female 106 (40.6) 

Age  

  <60 109 (41.8) 

>60 152 (58.2) 

Histological differentiation  

  Poorly 48 (18.4) 

  Moderately 196 (75.1) 

  Well 17 (6.5) 

Depth of invasion  

  T1 2 (0.8) 

T2 16 (6.1) 

  T3 216 (82.8) 

  T4 27 (10.3) 

Lymph node metastasis  

  N0 203 (77.8) 

  N1 47 (18) 

  N2 11 (4.2) 

Metastasis  

  M0 256 (98.1) 

  M1 5 (1.9) 

Pathologic stage  

  Ⅰ 18 (6.9) 

  Ⅱ 182 (69.7) 

  Ⅲ 56 (21.5) 

  Ⅳ 5 (1.9) 

MSI status  

  MSS 210 (80.5) 

  MSI-H 51 (19.5) 
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Supplemental Table 2. Antibodies used in experiments. 

Antibody Supplier, Clone Application 

PD-L1 eBioscience, MIH1 WB, IHC 

NRF1 CST, D9K6P WB, ChIP 

P65 CST, D14E12 WB 

pP65 CST, 93H1 WB 

YY1 CST, D5D9Z WB, ChIP 

Beta-actin Proteintech, 7D2C10 WB 

CD3 Alfetronic, UMAB54 IHC 

CD8 Alfetronic, SP16 IHC 

CD33 Alfetronic, PWS44 IHC 

IL-17A RD, 41809 IHC 

MLH1 BD, G168-15 IHC 

MSH2 BD, G219-1129 IHC 

MSH6 Abcam, EPR3945 IHC 

PMS2 Abcam, EPR3947 IHC 

NRF1 Abcam, EPR5554(N) IHC 

PD-L1 Biolegend, MIH7 FACS 

CD3 Biolegend, 17A2 FACS 

CD8 Biolegend, 53-6.7 FACS 

IFNγ Biolegend, XMG1.2 FACS 

CD11b Biolegend, M1/70 FACS 

Gr1 Biolegend, RB6-8C5 FACS 

CD3 Abcam, PS1 IF 

CD11b Abcam, EP1345Y IF 

IgG Bio X Cell, MOPC-21 mouse experiments 

IL-17A Bio X Cell, 17F3 mouse experiments 

PD-1 Bio X Cell, RMP1-14 mouse experiments 
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Supplemental Table 3. Primers for PCR. 

Application Gene  Sequences 

Quantitative 

m-PD-L1 Forward GCTCCAAAGGACTTGTACGTG 

 Reverse TGATCTGAAGGGCAGCATTTC 

m-Bactin Forward GGCTGTATTCCCCTCCATCG 

 Reverse CCAGTTGGTAACAATGCCATGT 

h-PD-L1 Forward TGGCATTTGCTGAACGCATTT 

 Reverse TGCAGCCAGGTCTAATTGTTTT 

h-Bactin Forward CATGTACGTTGCTATCCAGGC 

 Reverse CTCCTTAATGTCACGCACGAT 

miR-15b-5p Forward TAGCAGCACATCATGGTT 

 Reverse GTCGTATCCAGTGCAGGGTCCGAGGT 

h-U6 Forward CTCGCTTCGGCAGCACATATACT 

 Reverse ACGCTTCACGAATTTGCGTGTC 

Reverse 

Transcription 

miR-15b-5p GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACT 

GGATACGACAACCAT 

U6 AAAATATGGAACGCTTCACGAATTTG 

Ch-IP 

m-NRF1 Forward CGTAGCCCTGCTTGCTCT 

 Reverse CGCCTAAAATCCAAACTCG 

m-YY1 Forward GAATTTCCGTTCGAGTTTGG 

 Reverse TGTCGGCGGGTCCACT 

h-NRF1 Forward AATCCCTCGCTCTTCC 

 Reverse CGCCTAAAATACAAACTCG 
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SUPPLEMENTARY FIGURE LEGENDS 

Supplementary Figure 1 PD-L1 mRNA level is associated with CD8+ T cells 

infiltration and prognosis in MSS CRC. (A) PD-L1 protein expression in CRC 

tissues as determined by IHC (scale bar, 100 µm). (B) PD-L1 mRNA level in CRC 

tissues as determined by ISH (scale bar, 100 µm). (C) CIBERSORT analyzes the 

correlation between CD274 and CD8+ T cells, activated CD4 T cells, Macrophages 

M1 and Tregs in CRC samples of TCGA database. (D) CIBERSORT analyzes the 

correlation between CD274 and CD8+ T cells, activated CD4 T cells, Macrophages 

M1 and Tregs in MSS CRC samples of TCGA database. P values and R values were 

calculated based on the analysis of Pearson’s correlation. Student’s t test. *p<0.05, 

**p<0.01 and ***p<0.001. 

 

Supplementary Figure 2 miR-15b-5p is a regulator of PD-L1 at 

post-transcriptional level in MSS CRC. (A) PD-L1 expression in normal colon 

epithelial cells, inflammation-associated colon epithelial cells and cancer cells of 

colitis-associated cancer patients (scale bar, 200 µm; magnification scale bar, 100 µm). 

(B) miR-15b-5p, but not miR-15a-5p, inhibited PD-L1 expression in mouse intestinal 

cancer cell lines CT26 and MC38, but not miR-15a-5p. (C) RT-qPCR were performed 

to analysis the expression of PD-L1 in mRNA level after transfection of miR-15b-5p 

mimic in CT26 and MC38 cell lines. (D) Schematic representation of sequences of the 

wild-type and the mutated 3′-UTR luciferase reporters of mice. (E) Schematic 

representation of sequences of the wild-type and the mutated 3′-UTR luciferase 
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reporters of human. (F) Expression of PD-L1 in protein levels were analyzed by 

Western Blotting analysis after transfection of miR-15b-5p mimic or inhibitor into 

SW620 and HT29 cell lines. (G) RT-qPCR were performed to analysis the expression 

of PD-L1 in mRNA level after transfection of miR-15b-5p mimic or inhibitor in 

human CRC cell lines. Data represent mean ± SD. Results are representative of at 

least 3 separate experiments. Student’s t test. *p<0.05, **p<0.01 and ***p<0.001. 

 

Supplementary Figure 3 miR-15b-5p inhibits CRC tumorigenesis and sensitizes 

anti-PD-1 therapy by targeting PD-L1 in murine models. (A) Body weight 

changes of miR-15b-5p blocking and control mice were recorded throughout 

experiment. (B) Survival of mice miR-15b-5p blocking and control mice. (C) The 

weight of miR-15b-5p blocking and control group tumors were measured. (D) CT26 

and MC38 cells were transfected with miR-15b-5p or miR-sc. miR-15b-5p mRNA 

levels were determined via RT-qPCR assay. (E) ISH analysis of miR-15b-5p 

expression in CT26 and MC38 tumors of subcutaneous transplantation. (F) Tumor 

growth of miR-sc, miR-15b-5p MC38 cells with or not PD-1 antibody treated in 

C57BL/6 mice (n = 7 mice per group). (G) Survival of mice bearing syngeneic MC38 

tumors following treatment with PD-1 antibody. (n = 9 mice per group). (H) 

Intracellular cytokine staining of CD8+ IFN-γ + cells in the CD3+ T cell populations 

from isolated tumor-infiltrating lymphocytes. Data represent mean ± SD. ANOVA 

followed by Tukey’s multiple comparison test was applied. Cumulative survival time 

was estimated by the Kaplan-Meier method, and the log-rank test was applied to 
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compare the groups. *p<0.05, **p<0.01 and ***p<0.001. 

 

Supplementary Figure 4 NRF1 is the major transcription factor for IL-17A to 

accumulate PD-L1 protein. (A) Schematic representation of predicted NRF1 binding 

sites within the human miR-15b-5p promoter (Left). Ch-IP analyses of NRF1 binding 

to the miR-15b-5p promoter using antibodies against NRF1 (Right). (B, C) Effects of 

NRF1/YY1 overexpression or knockdown on miR-15b-5p expression through 

RT-qPCR analyses of miR-15b-5p expression in MC38 cells. (D) Schematic 

representation of sequences of the wild-type and the mutated promoter luciferase 

reporters of miR-15b-5p in vector of pGL4.20. (E, F) Modulation of the miR-15b-5p 

promoter activity by NRF1 overexpression or knockdown in MC38 cells. Data 

represent mean ± SD. Results are representative of at least 3 separate experiments. 

Student’s t test. *p<0.05, **p<0.01 and ***p<0.001. 

 

Supplementary Figure 5 Blocking IL-17A enhances the efficacy of anti-PD-1 

therapy in murine model by promoting PD-L1 protein degradation. (A) Tumor 

growth of MC38 cells with IL-17A antibody and/or PD-1 antibody treated in 

C57BL/6 mice (n = 7 mice per group). (B) Survival of mice bearing syngeneic MC38 

tumors following treatment with IL-17A antibody and/or PD-1 antibody (n = 9 mice 

per group). (C) FACS analysis of staining of CD8+ IFN-γ+ cells in the CD3+ T cell 

populations from isolated tumor-infiltrating lymphocytes. (D) FACS analysis of 

staining of CD11b+ and Gr1+ cells in the tumor-infiltrating lymphocyte. (E) 
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Immunofluorescence was used to analyze the staining of CD3+ cells and CD11b+ 

cells in MC38 tumors. Data represent mean ± SD. ANOVA followed by Tukey’s 

multiple comparison test was applied. Cumulative survival time was estimated by the 

Kaplan-Meier method, and the log-rank test was applied to compare the groups. 

*p<0.05, **p<0.01 and ***p<0.001. 
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