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Abstract: Immunotherapy targeting immune checkpoints such as programmed death-1 (PD-1) and programmed
death-ligand 1 (PD-L1) has emerged as a novel treatment option for various cancers, including colon cancer. How-
ever, immune evasion mechanisms can limit the efficacy of cancer immunotherapy. Understanding the regulatory
mechanisms of PD-1/PD-L1 expression is therefore critical to enhancing immunotherapeutic outcomes. A previous
study demonstrated that the adenosine A1l receptor (Adoral) regulates PD-L1 expression and tumor immune eva-
sion in human melanoma; however, its role in colon cancer and associated immune escape remains poorly defined.
To investigate this, we downregulated Adoral expression in CT26 colon cancer cells using lentiviral transduction of
Adoral-targeting shRNA. We assessed Adoral and PD-L1 expression levels and evaluated cell proliferation in CT26
cells. In vivo, we inoculated CT26 cells into mice and monitored tumor growth, immune cell phenotypes, and T cell
exhaustion within the tumors. Additionally, we evaluated T cell exhaustion in vitro by co-culturing T cells with CT26
cells. While Adoral knockdown did not impact CT26 cell viability or proliferation in vitro, it significantly suppressed
tumor growth in vivo (P<0.0001). Furthermore, Adoral downregulation reduced T cell exhaustion (all P=0.0025) by
decreasing PD-L1 expression in CT26 cells. Knockdown of Adoral did not alter Atf3 expression but led to reduced
Irf1 expression (P=0.0268), which contributed to the downregulation of PD-L1. Overall, these findings suggest that
Adoral downregulation inhibits immune escape in colon cancer by suppressing PD-L1 expression.
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Introduction standing of immune escape mechanisms is

essential for improving the effectiveness of

Colon cancer, also known as colorectal cancer,
is one of the most common gastrointestinal
malignancies and a leading cause of cancer-
related death in Western developed countries
[1]. In recent years, the incidence of colon can-
cer in China has risen rapidly, and it is expected
to continue increasing in the coming years [2].
Therefore, there is an urgent need to develop
more effective treatments for colon cancer.

Besides surgery, chemotherapy, and radiation
therapy, targeted immunotherapy has revolu-
tionized the treatment of several cancers, in-
cluding colon cancer, and has emerged as a
promising strategy to prolong patient survival
[3, 4]. However, immune escape and disease
relapse have been observed in a substantial
subset of initial responders [5]. A deeper under-

cancer immunotherapy. The immune check-
point programmed death-1 (PD-1) is a critical
immunosuppressive receptor expressed on va-
rious cells, including T cells, and its primary
function is to inhibit effector T cell activity [6].
Programmed death-ligand 1 (PD-L1), the ligand
of PD-1, is expressed by tumor cells and con-
tributes to immune evasion and tumor progres-
sion [7]. In recent years, therapeutic strategies
targeting the PD-1/PD-L1 interaction have
shown significant efficacy across various tu-
mor types [8]. However, less than 40% of
patients respond to PD-1/PD-L1 inhibitors, and
the underlying mechanisms driving resistance
remain poorly understood [9]. Tumor PD-L1
expression has been recognized as a critical
factor in predicting clinical response to PD-1/
PD-L1 blockade therapy [10]. Therefore, eluci-
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dating the regulatory mechanisms controlling
tumor PD-L1 expression is vital to enhance
the therapeutic efficacy of anti-PD-1/PD-L1
treatments.

Adenosine is a nucleoside that has been sh-
own to promote tumor progression [11]. Ex-
tracellular adenosine acts as a ligand by bind-
ing to four types of adenosine receptors: Al,
A2A, A2B, and A3 [12]. The adenosine Al
receptor (Adoral) has been implicated in the
pathogenesis of various cancers, exhibiting
pleiotropic effects depending on the tumor type
and context [13, 14]. Adoral agonists have
been reported to inhibit the proliferation of
HepG2 liver carcinoma cells [15], while Adoral
antagonists have been shown to suppress pro-
liferation in MCF-7 breast cancer cells [16]. A
recent study demonstrated that Adoral knock-
down in melanoma cells inhibited cell prolifera-
tion, upregulated PD-L1 expression, promoted
tumor immune evasion, and reduced antitumor
efficacy [17]. However, the role of Adoral in
colon cancer, particularly in relation to cell pro-
liferation and immune evasion, remains largely
unexplored.

In the present study, we knocked down Adoral
expression in colon cancer cells and investigat-
ed its effects on tumor cell proliferation and
immune evasion.

Materials and methods
Adoral shRNA knockdown

The oligonucleotides for control shRNA (target
sequence: 5-CAACAAGATGAAGAGCACCAA-3),
Adoral shRNA (target sequence: 5-CCATT-
GCTCCTCATGGTTCTT-3’), and Irf1 shRNA (tar-
get sequence: 5-AGATGGACATTATACCAGATA-3’)
were synthesized and cloned into the pLKO.1
lentiviral vector (Sigma, St. Louis, MO, USA)
according to the manufacturer’s protocol. The
resulting pLKO.1 plasmids containing shRNA
inserts were then co-transfected with the MI-
SSION Lentiviral Packaging Mix into HEK293
cells to produce lentiviral particles, following
the manufacturer’s instructions.

To knock down Adoral, CT26 cells were trans-
duced with the lentiviral particles at a multiplic-
ity of infection of 100 in the presence of 5 ug/
mL polybrene. Forty-eight hours post-trans-
duction, the cells were selected using 1 yg/mL
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puromycin to generate stable transduced cell
lines.

CT26 tumor cell inoculation

5x10° stably transduced CT26 cells were sus-
pended in 200 yL of phosphate-buffered saline
(PBS) and subcutaneously injected into the
right flank of 6-8-week-old BALB/c mice. Tumor
size and mouse survival rates were monitored
at various time points following inoculation. At
the end point, mice were sacrificed by CO, in-
halation followed by tumor tissues harvesting.
Tumor volume was calculated using the follow-
ing formula: tumor volume = L x W2, where L =
length of the tumor (the longest dimension), W
= width of the tumor (the shortest dimension
perpendicular to length). Animal studies were
approved by School of Medicine, Huagiao
University (#A2023056).

Cell proliferation and viability assay

2x10% CT26 cells stably transduced with
Adoral shRNA (shAdoral CT26 cells) and CT26
cells stably transduced with control shRNA
(shControl CT26 cells) were seeded in the
6-well plates and cultured for six consecutive
days. Cells were trypsinized every two days and
counted to assess cell number. Cell viability
was evaluated using CCK-8 assay. Briefly,
1x10* shAdoral or shControl CT26 cells were
seeded into 96-well plates. At designated time
points, cells were incubated with CCK-8 reagent
(100 pyL/mL medium, diluted in culture medi-
um) (Sigma, St Louis, MO) for 2 hours, and
absorbance was measured at 450 nm using a
microplate reader.

Flow cytometry

Twenty days after CT26 tumor cell inoculation,
xenograft tumors were harvested, and single-
cell suspension were prepared. After washing
with staining buffer (2% FBS in PBS), cells
were stained with anti-CD11b (Biolegend, San
Diego, CA), anti-CD3 (Biolegend), anti-CD45
(Biolegend), anti-CD8 (Biolegend), anti-Granzy-
me B (GZB) (Biolegend), anti-PD-1 (Biolegend),
anti-Tim3 (Biolegend), anti-CD86 (Biolegend),
anti-F4/80 (Biolegend), anti-CD206 (Biolegend),
anti-CD25 (Biolegend), anti-Foxp3 (Biolegend),
with the presence of anti-CD16/CD32 antibody
(Biolegend) on ice for 30 min. After washing,
the cells were analyzed using a BD LSR Il Flow
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Cytometer, and the results were processed
with FlowJo software.

For certain experiments, stably transduced
CT26 cells were harvested and stained with
anti-PD-L1 antibody (BioLegend).

CD8* T cells isolation and culture

CD8* T cells were isolated from BALB/c mice.
Single-cell suspensions were prepared from
the spleen by crushing and filtering through a
70 um nylon cell strainer (Sigma). Red blood
cells were lysed using ACK lysis buffer. The
CD8* T cells were purified using the CD8a*
T-cell Isolation Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) according to the manu-
facturer’s protocol.

Purified CD8* T cells were then seeded into
plates pre-coated with 0.5 pg/mL anti-CD3
and 5 pg/mL anti-CD28.

Lactate dehydrogenase (LDH) cytotoxicity as-
say

T cell cytolytic activity against transduced CT26
cells was assessed using the LDH Cytotoxicity
Detection Kit (Takara, Beijing, China). ShCon-
trol or shAdoral CT26 cells were co-cultured
with CD8* T cells at a ratio of 1:3 for 3 days.
After incubation, the cell culture supernatant
was collected and transferred to a new plate.
LDH solution was then added to the superna-
tant, and absorbance was measured. Cyto-
toxicity was calculated using the formula
described previously [18].

Transfection

The pCMV6-Adoral expression plasmid was
purchased from Origene (Beijing, China) and
transfected into CT26 cells using Polyethy-
lenimine (PEl), following the protocol described
previously [19].

Western blot

Total proteins from transduced or transfected
CT26 cells were extracted using radioimmuno-
precipitation assay buffer (Thermo Fisher, USA)
and subsequently subjected to sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis.
After transfer, polyvinylidene fluoride mem-
branes were blocked with 5% non-fat milk.
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Primary antibodies, including anti-Adoral (Ab-
cam, Beijing, China), anti-PD-L1 (Abcam), anti-
Atf3 (Abcam), anti-Irf1 (Abcam), and anti-GAP-
DH (Abcam), were incubated overnight at 4°C.
The following day, horse radish peroxidase-con-
jugated secondary antibodies were incubated
for 1 hour at room temperature. ECL Substrate
(Thermo Fisher, USA) was used to visualize the
reactive bands. Band intensity was quantified
and analyzed using ImageJ.

RT-PCR

Total RNA from CT26 cells was extracted using
the RNeasy Mini Kit (Qiagen, Germantown,
MD). cDNA was then reverse transcribed using
the PrimeScript RT Reagent Kit (Takara, China).
Real-time quantitative PCR reactions were per-
formed using TB Green Advantage qPCR Pre-
mix on the QuantStudio3 Real-Time PCR
System. The primers used for real-time PCR
were as follows: PD-L1 Forward: 5-GCTCC-
AAAGGACTTGTACGTG-3’, Reverse: 5-TGATCTG-
AAGGGCAGCATTTC-3’; GAPDH Forward: 5-AG-
GTCGGTGTGAACGGATT TG-3’, Reverse: 5-GG-
GGTCGTTGATGGCAACA-3'.

Statistical analysis

Data were presented as mean = SD, and ana-
lyzed by GraphPad Prism software (version
8.0). P values of the comparison between two
groups were calculated using two-tailed Stu-
dent’s t-test. P values of the comparison am-
ong three or more groups were calculated us-
ing one-way ANOVA followed with a Tukey post
hoc test. And P values of the comparison
between two groups along multiple time points
were calculated using Repeated Measures
ANOVA followed by a Bonferroni post hoc test.
Statistical significance was considered when
P<0.05.

Results

Knocking down Adoral did not affect CT26
cell proliferation but repressed the tumor
growth in mice

First, we evaluated the effect of knocking down
Adoral on CT26 cell proliferation and tumor
growth in a xenograft model. As shown in
Figure 1A and 1B, CT26 cells transduced with
lentivirus expressing Adoral shRNA (shAdoral
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Figure 1. Deletion of Adoral in CT26 cells represses the tumor growth in mice. (A) The protein level of Adoral in
shControl and shAdoral CT26 cells was determined by immunoblotting. (B) The statistical result of (A) (n=3). (C, D)
shControl and shAdoral CT26 cells were cultured for 6 days. Cells viability (C) and proliferation (D) were determined
(n=6). (E, F) shControl and shAdoral CT26 cells (5x10°) were subcutaneously injected into the backs of mice to
establish tumors. (E) Representative tumor images at day 25, and tumor volumes in the experimental groups (n=5).

(F) Survival curves were estimated (n=10).

CT26 cells) showed a significant reduction in
endogenous Adoral compared to CT26 cells
transduced with lentivirus expressing control
shRNA (shControl CT26 cells). Quantification
revealed a significant decrease in the protein
level of Adoral in shAdoral CT26 cells (Figure
1B, P=0.0009). We detected similar cell viabil-
ity (Figure 1C), cell proliferation (Figure 1D)
between shControl CT26 cells and shAdoral
CT26 cells, but reduced cell migration (Eigure
S1A, P=0.0453) and invasion (Figure S1B,
P=0.0499) in shAdoral CT26 cells, indicating
knocking down Adoral decreased cells migra-
tion and invasion, but did not affect cell growth
in vitro. In contrast, mice inoculated with shA-
doral CT26 cells exhibited significantly sma-
ller tumors compared to those inoculated with
shControl CT26 cells (Figure 1E, P<0.0001).
Consistently, mice inoculated with shAdoral
CT26 cells demonstrated a significantly higher
survival rate compared to those inoculated wi-
th shControl CT26 cells (Figure 1F, P<0.0001).
Collectively, these results suggest that knock-
ing down Adoral suppressed tumor growth in
mice.
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Knocking down Adoral in CT26 tumor miti-
gates T cell exhaustion in xenograft tumors

Since downregulation of Adoral did not affect
the proliferation of CT26 cells in vitro but sup-
pressed tumor growth in vivo, we proceeded to
investigate the underlying mechanism by pro-
filing the immune cells in xenograft tumors
(Figure S2A). We found that there was no sig-
nificantly difference of the percentage of
CD11b*/CD45*" monocyte (Figure 2A), M1 ma-
crophages (Figure S2B), M2 macrophages
(Figure S2C), CD3* T cells (Figure 2B), Treg cells
(Figure S2D) and CD8* T cells (Figure 2C) in
xenograft tumor between shControl and shA-
doral CT26 tumors. In contrast, shAdoral
CT26 tumors exhibited a significantly higher
percentage of GZB*/CD8* T cells (Figure 2D
and 2E, P=0.0079), a decreased percentage
of PD-1'/CD8" T cells (Figure 2F and 2G,
P=0.0037), and a reduced percentage of
Tim3*/CD8* T cells (Figure 2H and 2I, P=
0.0145) compared to shControl tumors. Up-
regulation of Tim3 and PD-1, along with down-
regulation of GZB, are typical markers of T cell
exhaustion [20]. These results indicated that
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Figure 2. Knockdown of Adoral in CT26 tumor mitigates T cell exhaustion in xenograft tumors. Tumors were har-
vested at day 20 post inoculation for FACS analysis. The percentage of CD11b*/CD45" cells (A), CD3*/CD45" cells
(B), CD8*/CD3* cells (C), GZB*/CD8*cells (D and E), PD-1*/CD8* cells (F and G), and Tim3*/CD8* cells (H and |) were

analyzed by FACS. n=5.

downregulation of Adoral in CT26 tumor miti-
gated T cell exhaustion in xenograft tumors.

Knocking down Adoral in CT26 cells sup-
pressed T cell exhaustion in vitro

We next evaluated the effects of Adoral down-
regulation in CT26 cells on CD8* T cell function
and exhaustion in vitro. CD8" T cells were co-
cultured with either shControl CT26 cells or
shAdoral CT26 cells. We found that CD8* T
cells co-cultured with shAdoral CT26 cells
exhibited significantly enhanced cytotoxicity
compared to those co-cultured with shControl
CT26 cells (P=0.0084), indicating that down-
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regulation of Adoral in CT26 cells enhanced

CD8* T cell cytotoxicity toward CT26 cells
(Figure 3A).

Furthermore, downregulation of Adoral in CT26
cells significantly increased the percentage of
GZB*/CD8* T cells (Figure 3B, P=0.0081),
decreased the percentage of PD-17/CD8" T
cells (Figure 3C, P=0.0025), and reduced the
percentage of Tim3*/CD8" T cells (Figure 3D,
P=0.0013) in the co-cultured CD8* T cell po-
pulation. Collectively, these data demonstrate
that downregulation of Adoral in CT26 cells
inhibits T cell exhaustion in vitro.
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Figure 3. Knockdown of Adoral in CT26 cell inhibits T cell exhaustion in vitro. (A) shControl and shAdoral CT26 cells
were co-cultured with CD8* T cells at an E: T ratio of 1:3 for 3 days. Cytotoxicity was evaluated with the LDH-releasing
assay. (B-D) shControl and shAdoral CT26 cells were co-cultured with CD8 T cells at a ratio of 1:3 for 3 days, and
GZB*/CD8* cells (B), PD-1*/CD8* cells (C), and Tim3*/CD8* (D) were analyzed by FACS. n=4.

Knocking down Adoral inhibited PD-L1 expres-
sion in CT26 cells

As the PD-1/PD-L1 pathway is a major regula-
tor of T cell exhaustion [21], we next investigat-
ed the effect of Adoral on PD-L1 expression in
CT26 tumor cells. We overexpressed or knocked
down Adoral in CT26 cells and assessed PD-L1
expression. As shown in Figure 4A, shAdoral
CT26 cells exhibited a significantly decreased
MRNA level of PD-L1 compared to shControl
CT26 cells (P=0.0006). CT26 cells transfected
with the Adoral-expressing plasmid (Adoral-
OE CT26 cells) showed a significant increase in
PD-L1 mRNA expression (P=0.0009).

Correspondingly, we observed a significant
downregulation of PD-L1 protein in shAdoral
CT26 cells (P=0.033) and a significant increa-
se in PD-L1 protein in Adoral-OE CT26 cells
(P=0.0002) by western blot (Figure 4B and
4C) and flow cytometry (Figure 4D and 4E,
P=0.0128, P=0.0003). We further analyzed
PD-L1 expression in CD45 cells from xenograft
tumors and found a significantly decreased
percentage of PD-L1'/CD45 cells in shAdoral
CT26 tumors (Figure 4F and 4G, P=0.0014).
Taken together, these results demonstrate that
downregulation of Adoral leads to decreased
PD-L1 expression in CT26 cells.
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Adoral regulates PD-L1 expression via Irf1

Finally, we investigated the mechanism un-
derlying Adoral-mediated regulation of PD-L1
expression. A previous study demonstrated the
negative regulation of PD-L1 expression by
Adoral through ATF3 in melanoma [17].

We explored whether knocking down or overex-
pressing Adoral affected Atf3 expression in
CT26 colon carcinoma cells. As shown in Figure
5A and 5B, shAdoral CT26 cells and Adoral-
OE CT26 cells exhibited similar protein levels
of Atf3 to shControl CT26 cells, indicating that
Adoral did not regulate Atf3 expression in
CT26 cells.

In contrast, we observed a significant decrease
in Irfl, a positive regulator of PD-L1 [22], in
shAdoral CT26 cells (P=0.0268), and a signifi-
cant increase in Irfl in Adoral-OE CT26 cells
(P=0.0002) (Figure 5A and 5C). We further
evaluated the effects of Irf1 on PD-L1 expres-
sion. Knocking down Irfl in CT26 and Adoral-
OE CT26 cells significantly reduced endoge-
nous PD-L1 expression (Figure 5D and 5E)
(P<0.0001). Collectively, these results demon-
strate that Adoral regulates PD-L1 expression
via Irfl.

Am J Cancer Res 2025;15(8):3500-3509
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Figure 5. Adoral regulates PD-L1 expression via Irfl. (A-C) shControl, shAdoral and Adoral-OE CT26 cells were
harvested for examining protein level of Atf3 (A and B) and Irf1 (A and C) by western blot. (D, E) Irf1 was knocked
down in CT26 and Adoral-OE CT26 cells by shRNA. CT26 cells were harvested for examining the protein level of
PD-L1 by western blot. n=3.

Discussion suppressed tumor PD-L1 expression via Irfil,

leading to the inhibition of T cell exhaustion
In the present study, we demonstrated that and enhanced anti-tumor efficacy. Given that
downregulation of Adoral in colon cancer cells Adoral upregulates PD-L1 expression and pro-
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motes immune evasion in colon cancer, Adoral
may serve as a potential therapeutic target for
the treatment of colon cancer.

Blocking the immune checkpoint PD-1 or PD-L1
using neutralizing antibodies has been shown
to be beneficial for several cancer patients
[23]. However, the overall response rate to
PD-1/PD-L1 therapy has not met expectations
[24]. PD-L1 expression is known to be regulat-
ed within the tumor microenvironment throu-
gh multiple mechanisms, which contribute to
tumor immune escape [25, 26]. Therefore, tar-
geting the regulation of PD-L1 is also critical for
improving the efficacy of anti-PD-L1 therapy.

In the present study, we demonstrated that
downregulation of Adoral by siRNA suppressed
the expression of PD-L1 in colon cancer CT26
cells, which ultimately resulted in the preven-
tion of T cell exhaustion in CT26 tumors. Adoral
has been implicated in various cancers. It has
been reported that Adoral is significantly up-
regulated in MDA-MB-468 and CW-2 cancer
cells [27], as well as in human colorectal ade-
nocarcinoma tissues [28]. The upregulation of
Adoral in cancer cells suggests potential func-
tional roles of Adoral in cancer progression.
However, the precise roles of Adoral in cancers
remain poorly understood, and previous stud-
ies on Adoral using agonists and antagonists
in different cancer models have yielded contro-
versial results.

For example, Adoral agonists inhibited cell pro-
liferation in astrocytoma [29] and melanoma
cells [30]. In contrast, Adoral agonists promot-
ed cell proliferation, while Adoral antagonists
suppressed cell proliferation in breast cancer
cells [31, 32]. Using the siRNA approach, Liu
and colleagues knocked down endogenous
Adoral in human melanoma cells and found
that Adoral deletion suppressed cell growth
[17]. In contrast, we demonstrated that dele-
tion of Adoral in colon cancer CT26 cells did
not affect cell proliferation or viability in vitro.
These differing effects of Adoral deletion may
be attributed to the differences in the cell
types used, further emphasizing the specificity
of each cancer model.

In the same study, Liu and colleagues further
demonstrated that deletion of Adoral resulted
in increased expression of PD-L1 in human
melanoma cells, inactivation of co-cultured T
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cells in vitro, and suppression of anti-tumor
immunity in vivo. The negative regulation of
PD-L1 by Adoral was mediated through ATF3
[17]. Interestingly, we found that deletion of
Adoral led to decreased expression of PD-L1
in colon cancer cells, which prevented T cell
exhaustion and suppressed tumor immune
escape. Furthermore, the regulation of PD-L1
by Adoral in colon cancer cells did not depend
on ATF3, as deletion of Adoral did not affect
ATF3 expression in CT26 cells, but instead was
mediated through Irfl.

It remains unclear why deletion of Adoral had
opposing effects on PD-L1 expression in hu-
man melanoma versus colon cancer CT26
cells. This could be attributed to differences in
the regulatory pathways involved. We further
demonstrated that deletion of Adoral regulat-
ed the expression of Irfl, a positive regulator of
PD-L1, but did not affect ATF3 expression.
Since different cancer cells were used, Adoral
deletion might influence distinct signaling path-
ways. Interestingly, we observed that deletion
of Adoral resulted in the downregulation of
Irf1, which is known to positively regulate PD-
L1 expression. It would be of great interest
to investigate the mechanism by which Irfl
expression is regulated by Adoral. Upon bind-
ing with adenosine, Adoral mediates the acti-
vation of the PI3BK/AKT signaling pathway [33].
Whether the PI3K/AKT pathway participates in
Adoral-mediated regulation of Irf1 remains to
be determined.

Our study has several limitations. First, it is
crucial to strengthen the clinical relevance of
Adoral by validating the correlation between
Adoral expression levels and clinical outcomes
in publicly available immunotherapy cohorts.
Second, since the liver is the primary site of
colorectal cancer (CRC) metastasis and CRC
liver metastasis is highly resistant to immuno-
therapy, it would be valuable to investigate
whether Adoral expression levels are con-
sistent between the primary tumor and liver
metastasis.

Conclusion

We demonstrated that downregulation of
Adoral led to a suppression of PD-L1 expres-
sion and inhibited tumor immune escape in
colon cancer, suggesting that Adoral could
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serve as a potential therapeutic target for the
treatment of colon cancer.
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Figure S1. Knockdown of Adoral decreased cells migration and invasion. (A, B) The migrated (A) and invaded (B)
cells number of shControl and shAdoral CT26 cells was determined by migration and invasion assay. n=3.
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Figure S2. Downregulating Adoral did not impact M1/2 macrophages and Tregs. A. The gating strategy for CT26 tu-
mor tissue. B-D. shControl and shAdoral CT26 tumors were harvested at day 20 for FACS analysis. The percentage
of M1 macrophages (CD11b*F4/80*CD86"), M2 macrophages (CD11b*F4/80*CD206") in CD45* cells, Treg cells
(CD8CD25*Foxp3*) in CD3 T cells were analyzed by FACS. n=5.
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