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Abstract: Lung cancer is the leading cause of death from cancer in Taiwan and throughout the
world. Immunotherapy has revealed promising and significant efficacy in NSCLC, through immune
checkpoint inhibition by blocking programmed cell death protein (PD)-1/PD-1 ligand (PD-L1) sig-
naling pathway to restore patients’ T-cell immunity. One novel type of long, non-coding RNAs,
circular RNAs (circRNAs), are endogenous, stable, and widely expressed in tissues, saliva, blood,
urine, and exosomes. Our previous results revealed that the plasma level of hsa_circ_0000190 can
be monitored by liquid-biopsy-based droplet digital PCR and may serve as a valuable blood-based
biomarker to monitor the disease progression and the efficacy of immunotherapy. In this study,
hsa_circ_0000190 was shown to increase the PD-L1 mRNA-mediated soluble PD-L1 (sPD-L1) ex-
pression, consequently interfering with the efficacy of anti-PD-L1 antibody and T-cell activation,
which may result in immunotherapy resistance and poor outcome. Our results unraveled that
hsa_circ_0000190 facilitated the tumorigenesis and immune evasion of NSCLC by upregulating sPD-
L1 expression, potentially developing a different aspect in elucidating the molecular immunopatho-
genesis of NSCLC. Hsa_circ_0000190 upregulation can be an effective indicator for the progression
of NSCLC, and hsa_circ_0000190 downregulation may possess a potential therapeutic value for the
treatment of NSCLC in combination with immunotherapy.

Keywords: lung cancer; circular RNA; immune checkpoints; immune evasion; programmed death-
ligand 1

1. Introduction

Lung cancer (LC) is the leading cause of death worldwide, and more than 85% of LC
cases belong to non-small-cell lung carcinoma (NSCLC) [1]. Most LC patients have locally
advanced disease or distant metastases at the time of diagnosis. In the past decade, the
emergence of targeted therapies and immunotherapies has led to remarkable improvement
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in the treatment efficacy for NSCLC, but the survival rate for advanced NSCLC still re-
mains dismal [1-8]. Despite the significant advancement in the medical treatment of LC,
fewer than 10% of advanced NSCLC patients survive for more than five years. Hence,
the development of superior diagnostic and therapeutic approaches is critical for a better
understanding of the molecular pathogenesis of LC. In turn, such advancements can con-
tribute to the discovery of novel biomarkers for cancer detection and molecular treatment
targets for LC, as well as more personalized treatment of LC patients.

Circular RNAs (circRNAs) are non-coding RNAs that comprise a circular loop with
multiple microRNA (miRNA) binding sites and function as miRNA sponges, to compete
with endogenous miRNAs and, subsequently, regulate gene expression [9,10].

Owning to the closed structure, circRNAs are relatively stable and particularly resistant
to RNA-degrading endonucleases. Hence, circRNAs demonstrate a much longer circulatory
half-life, as compared with linear RNAs, implicating the potential as promising cancer
biomarkers [10]. Many circRNAs in the cytoplasm function in the circRNA-miRNA-
mRNA axis and are involved in proliferation and survival pathways in different kinds of
cancer [11]. Our previous research demonstrated that the levels of hsa_circ_0000190 and
hsa_circ_0001649 increased in lung cancer cells and patients’ plasma. Additionally, the level
of hsa_circ_0000190 was related to clinicopathological characteristics and the treatment
response of patients with lung cancer [12]. Therefore, hsa_circ_0000190 might be a valuable
blood-based biomarker to evaluate the prognosis of LC and the efficacy of immunotherapy
by ddPCR-based liquid biopsy.

Multiple studies have reported the role of circRNAs in regulating the expression
of PD-L1 through circRNA-miRNA-mRNA axis. A number of circRNAs, such as cir-
cBART2.2, hsa_circ_0136666, circ-keratin 6¢, CDR1-AS, circ-VIM, hsa_circ_0003288, Circ-
CHST15, circ-CPA4, hsa-circRNA-002178, and Circ_0000284 were shown to affect PD-L1
expression, leading to tumor immune escape in various types of cancers, including na-
sopharyngeal carcinoma, colorectal cancer, esophageal cancer, hepatocellular carcinomas
(HCC), and lung cancer [13-22]. Our previous study discovered the correlation between
hsa_circ_0000190 plasma level and PD-L1 level in patients with lung cancer. Upregulated
plasma hsa_circ_0000190 level was associated with poor response to immunotherapy [12].
Substantial evidence suggested that circRNAs play essential roles in the tumor immune
microenvironment (TIME) and regulate immune checkpoint genes to affect the therapeutic
efficacy of immunotherapy. Further research regarding the effect of circRNAs on antitumor
immunity and the treatment response of immunotherapy will benefit the management of
advanced lung cancer [23].

In this study, the influence of the circRNA-miRNA-mRNA axis on the immune system
and immune checkpoints is evaluated, to elucidate the potential regulatory pathway of
the lung cancer immune evasion process. Additionally, the combined effects of immune
checkpoint inhibitors and circRNAs inhibitors are investigated, in order to develop novel
strategies against the immune evasion of lung cancer cells and to strengthen the efficacy of
lung cancer immunotherapy.

2. Results
2.1. Overexpression of hsa_circ_0000190 Promoted Tumorigenesis of NSCLC In Vitro

To analyze the biological role of C190 in NSCLC, overexpression vectors targeting
C190 were delivered into NSCLC cell lines. In Figure 1A,B, the migration and invasion of
A549 cells with overexpression of C190 through 8-uM pore in transwells is shown. Migra-
tion and invasion cells at the transwell bottom were stained with GFP and observed under
a microscope (magnification x100). The average number of cells in the three light-field mi-
croscopies is shown. The data show that A549 with overexpression of C190 demonstrated
significantly increased cell migration and invasion, compared with the negative control
(NC) cells (* p < 0.05).



Int. J. Mol. Sci. 2022, 23, 64

30f18

C190 O/E 2.0 *
r
@
o 3 1.549
:
£33
= o
2 3%
= c g
4 9
g g3
2 .
g < 054
0.0 T T
NC 24hr 48 hr
3— *
| p—— |
5.
EEL nl
25 2
7 1
@ 5
S 8214
-]
c T T
NC 24hr 48hr
A549
_ 150
» B
g g0
C190-GFP 2 g
= 3
g £ =
3
o
& &
A549
150
Q ﬁ
EE 2 100
2 3 I
- °
8 5
: $w T
S
] T T
o o
wi“ = &

Figure 1. Overexpression (O/E) of hsa_circ_0000190 (C190) promoted tumorigenesis of NSCLC:
(A) A549 with overexpression of C190 demonstrated the significantly increased cell migration and
(B) invasion compared with negative control (NC) cells (* p < 0.05); (C) A549 with overexpression
of C190 demonstrated the tendency of increased proliferation; (D) A549 cells with overexpression
of C190 showed increased ability of wound healing (** p < 0.01). All experiments were performed
independently in triplicate.

In Figure 1C, the proliferation of A549 cells with overexpression of C190 is shown.
Briefly, 5000 cells were dispensed into each well of a 96-well plate. Cells were pre-incubated
in the incubator for 24 h. After 24 h, 10 uL. of CCK-8 solution was added to each well
and incubated for 4 h. A549 with overexpression of C190 demonstrated the tendency of
increased proliferation.
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In Figure 1D, wound-healing analysis of A549 with overexpression of C190 is demon-
strated by one field of view at each time point. Evidence of cell migration is seen post-
wound creation and the cell-free space steadily decreases over time as the cells move
to close the space completely. A549 cells with overexpression of C190 demonstrated an
increased ability of wound healing.

2.2. Knockdown of hsa_circ_0000190 Hindered Tumorigenesis of NSCLC In Vitro

To analyze the influence of C190 on tumorigenesis of NSCLC, siRNA targeting
C190 was used for its expression knockdown. The specific siRNAs (siRNA2, 5'-
AUCUUUAUAGUGGGUAAUU-3/, and siRNA3, 5-GUAUCUUUAUAGUGGGUAA-3)
was designed to target the back-spliced junction in the C190 by using the circular RNA
Interactome database (http:/ /circinteractome.nia.nih.gov, accessed on 16 February 2021).
As shown in Figure 2A, a transwell migration assay was performed. The A549 cells with
knockdown of C190 by siRNA2 and siRNA3 showed significantly decreased migration
ability, compared with NC (* p < 0.05, ** p < 0.01). As shown in Figure 2B, a transwell
invasion assay was performed after transfection of siRNA2 or SiRNA3 for 72 h. The
A549 cells with knockdown of C190 by siRNA2 and siRNA3 showed significantly decreased
invasion ability, compared with NC (*** p < 0.001). As shown in Figure 2C, a proliferation
assay was performed. The A549 cells with knockdown of C190 by siRNA2 and siRNA3
showed significantly decreased proliferation ability, compared with NC (p = 0.0113, and
0.0142, respectively). As shown in Figure 2D, a wound-healing assay was performed. The
A549 cells with knockdown of C190 by siRNA2 and siRNA3 showed a tendency toward
decreased wound-healing ability, compared with the NC cells.

2.3. Overexpression of C190 Enhanced Tumor Growth In Vivo

Ab549 cells were xenografted into immunocompromised mice, including the wild-type
(WT) group, the C190-overexpression-negative control group (C190-NC), and the C190-
overexpression group (C190). The tumor growth in the subcutaneous xenograft model was
monitored in vivo for four weeks. After subcutaneous injection of pcDNA3.1(+) ZKSCAN1
MCS Exon Vector and pcDNA3.1(+) ZKSCAN1 MCS Exon Vector with hsa_circ_0000190
gene using nanoparticle transfection technology, the changes in tumor size and weight
of mice were measured twice a week (Figure 3A). Xenograft tumors were located in the
dorsolateral flank region of mice (Figure 3B). Xenograft tumors were harvested from
indicated groups (Figure 3C). The change of mouse weight for each group showed no
significant difference (Figure 3D). The tumors derived from C190-overexpressing A549 cells
demonstrated a significantly higher growth rate than those derived from the empty vector-
transfected control cells (Figure 3E). On the final day of the animal experiment, the tumor
weight and volume of C190-overexpressing tumors were significantly higher than those of
the control group (Figure 3F,G).

2.4. Nanoparticle-Wrapped, siRNA-Mediated C190 Knockdown Inhibited Tumor Growth In Vivo

Ab549 cells were xenografted into immunocompromised mice, including the WT group,
the non-targeting siRNA-negative control group (siRNA-NC), and the C190 siRNA group
(siRNA-2). The tumor growth in the subcutaneous xenograft model was monitored in vivo
for four weeks. After subcutaneous injection of non-targeting siRNA or siRNA2 using
nanoparticle transfection technology, the changes in tumor size and weight in mice were
measured twice a week (Figure 4A). Xenograft tumors were located in the dorsolateral
flank region of mice (Figure 4B). Xenograft tumors were harvested from indicated groups
(Figure 4C). Resected tumors showed various shapes, including flattened, nodular, and
irregular shapes (Figures 3C and 4C). The change in mouse weight for each group showed
no significant difference (Figure 4D). The tumors derived from A549 cells with nanoparticle-
wrapped, siRNA-mediated C190 knockdown demonstrated a significantly lower growth
rate than the negative control groups (Figure 4E). On the final day of the animal experiment,
the tumor weight and volume of C190 knockdown tumors were significantly lower than
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those of the negative control groups (Figure 4F,G). As shown in Figure 4G, the average
tumor volume of the siRNA-NC group on the final day was numerically higher than that
of the WT group. However, as evident in Figure 4E, the average tumor volume of the WT
group on the final day was numerically higher than that of the siRNA-NC group. The
reason for this difference is that the shapes of the tumors are quite irregular, so the measured
volume of the subcutaneous tumors differed from that of the resected tumors. The irregular
shapes of tumors could also result in the difference between the average tumor volume of
the WT group in Figure 4E and that in Figure 3E. Nonetheless, the average tumor weight
and volume of the WT groups in Figure 4F,G are similar to those in Figure 3EG.
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Figure 2. Knockdown of hsa_circ_0000190 hindered tumorigenesis of NSCLC in vitro: (A) A549 cells
with knockdown of C190 by siRNA2 and siRNA3 showed significantly decreased migration ability,
compared with NC (* p <0.05, ** p < 0.01); (B) A549 cells with knockdown of C190 showed significantly
decreased invasion ability, compared with NC (*** p < 0.001); (C) A549 cells with knockdown of
C190 showed significantly decreased proliferation ability, compared with NC; (D) A549 cells with
knockdown of C190 showed a tendency toward decreased wound-healing ability, compared with the
NC. All experiments were performed independently in triplicate.
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Figure 3. Overexpression of C190 enhances tumor growth: (A) Hsa_circ_0000190 overexpression
xenograft experiment was performed for four weeks; (B) xenograft tumors were observed in the
dorsolateral flank region of mice; (C) xenograft tumors were harvested from indicated groups; (D) the
change in weight of mice in each group during the experiment until euthanasia was not significantly
different; (E) the tumors derived from C190-overexpressing A549 cells showed significantly higher
growth rate than those derived from the control groups (* p < 0.05, *** p < 0.001, **** p < 0.0001);
(F) the tumor weight and (G) volume of C190-overexpressing tumors were significantly higher than

those of the control group (** p < 0.01)(n = 5).
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Figure 4. Nanoparticle-wrapped siRNA-mediated C190 knockdown inhibited tumor growth in vivo:
(A) Hsa_circ_0000190 knockdown xenograft experiment was performed for four weeks; (B) xenograft
tumors were observed in the dorsolateral flank region of mice; (C) xenograft tumors were harvested
from indicated groups; (D) the change in weight of mice in each group during the experiment until
euthanasia was not significantly different; (E) the tumors derived from A549 cells with nanoparticle-
wrapped, siRNA-mediated C190 knockdown showed significantly lower growth rate than those
derived from the control groups (* p < 0.05, **** p < 0.0001); (F) the tumor weight and (G) volume
of C190 knockdown tumors were significantly lower than those of the control group (*** p < 0.001)
(n=5).

2.5. Interaction among hsa_circ_0000190, MicroRNA, and Various Immune Checkpoints

The interaction among hsa_circ_0000190, microRNA, and various immune check-
points were performed in this study. Based on the expression level of our NGS data in
our previous study, we selected one most suppressed miRNA, miR1299 as a target of
hsa_circ_0000190 [12], and another miRNA, miR-142-5p, which regulated antitumor immu-
nity [24,25], for further miRNA analysis (Figure 5A). It has been reported that miR-142-5p
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is the downregulated miRNA target of C190 in NSCLC [26], and downregulation of miR-
142-5p induces PD-L1 expression in tumor cells and regulates antitumor immunity [24,25].
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Figure 5. The relation between immune checkpoints and has_circ_0000190: (A) the potential influence
of circRNA-miRNA-mRNA axis on the interaction of immune checkpoint receptors on the T cells
and their respective ligands on the tumor cells; (B) the expression of different immune-checkpoint-
related binding partners in different cell lines; (C) immune checkpoints that were not significantly
detected in A549 cells; (D) the expression of immune checkpoints in cells line with overexpression of
hsa_circ_0000190. All experiments were performed independently in triplicate.
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2.6. PD-L1, CD155, CD80, FGL1, and CD70 Were Expressed in A549 cells

The immune checkpoints include PD-1, TIGIT, CTLA-4, LAG-3, CD27, BTLA, TIM-3,
and 1B11. Their related binding partners were PD-L1/PD-L2, CD155 (PVR), CD80/CD86,
FGL1/HLA-DR, CD70, HVEM, galectin-9 (Gal-9), and CD43, respectively [27-29]. The
expression of the different immune-checkpoint-related binding partners in various lung
cancer cell lines is shown in Figure 3. Figure 5B shows that PD-L1, CD155, CD80, FGL1, and
CD70 were expressed in A549 cells. Figure 5C shows that CD86, HVEM, PDL-2, HLA-DR
were not detected in A549 cells. Only a weak expression of Gal-9 was found.

2.7. Overexpression of hsa_circ_0000190 Regulated Expression of Immune Checkpoints In Vitro

Figure 5D shows decreased expression of PD-L1 in A549 and CL1-5 cell lines with
overexpression (O/E) of hsa_circ_0000190 (C190). Increased expression of CD80 in A549
and CL1-5 cell lines with overexpression of C190 was also found.

2.8. The Overexpression of hsa_circ_0000190 Promoted Expression of Specific Immune Checkpoint
mRNAs in NSCLC Cells

To analyze the influence of C190 on immune-checkpoint mRNA in NSCLC by RT-
qPCR, overexpression vectors targeting C190 were delivered to A549 cells. Figure 4 shows
the analysis of immune-checkpoint mRNAs (CD80, PD-L1, CD155, CD-43, CD-70, and
FGL1) by RT-qPCR. After transfection with the C190-overexpression vector in A549 cells,
the expression of C190 was significantly increased (Figure 6A). Significantly increased
mRNAs of CD80, PD-L1, and CD70 were found in A549 cells with overexpression of C190
(Figure 6B,C,F). Significantly decreased mRNA of CD155 was also found (Figure 6D).

2.9. The Knockdown of hsa_circ_0000190 by siRNA Impeded Expression of Specific Immune
Checkpoint mRNAs in NSCLC Cells

To analyze the influence of C190 on immune-checkpoint mRNAs in NSCLC by RT-
gPCR, siRNA-targeting C190 was used for its expression knockdown. The specific siRNAs
were designed to target the back-spliced junction in C190 (Figure 7A). After the knockdown
of C190 by siRNA2 or siRNA3 in A549 cells, the expression of C190 was significantly
decreased (Figure 7B). Further analysis of immune-checkpoint mRNA (CD80, PD-L1,
CD155, CD43, CD70, and FGL1) was performed. Significantly decreased mRNAs of CD80,
PD-L1, and CD43 were found in A549 cells with knockdown of C190 (Figure 7C,D,F).

2.10. Overexpression of hsa_circ_0000190 Increased the Expression and Secretion of Soluble PD-L1
in NSCLC Cell Lines and May Be Associated with Decreased Efficacy of Anti-PD-1 Antibody

Our findings showed that significantly increased mRNAs of PD-L1 were found in
A549 cells with overexpression of C190, and significantly decreased mRNAs of PD-L1 were
found in A549 cells with knockdown of C190. However, the Western blot analysis showed
decreased expression of PD-L1 in A549 cells with overexpression of C190. Therefore, the PD-
L1 expression and secretion to the culture medium of A549 and H460 cells were evaluated.
As evident in Figure 7, the expression of soluble PD-L1 (sPD-L1) in the conditioned medium
of A549 and H460 cells was evaluated by ELISA. After transfection of C190 overexpression
vector for 48 h, culture supernatant of cells was collected, and significantly increased
sPD-L1 was detected in the conditioned medium of A549 cells (Figure 8A). However,
C190 overexpression did not increase sPD-L1 in the conditioned medium of H460 cells
(Figure 8B). Accumulating data have revealed that elevated levels of plasma sPD-L1 are
associated with decreased efficacy of anti-PD-1 monoclonal antibody (mAb) and worst
outcomes [30,31]. The sPD-L1 in the plasma from patients (n = 30) with advanced NSCLC
before receiving immunotherapy was evaluated. Patients with progressive disease (PD)
after immunotherapy had higher expression of sPD-L1, compared with those with partial
regression (PR) or stable disease (SD) (Figure 8C). According to our current and previous
findings [12], tumor cells with C190 expression may hinder the efficacy of anti-PD-L1
antibody and T-cell activation through increased sPD-L1, leading to treatment resistance
and poor prognosis (Figure 8D).
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Figure 6. The overexpression of hsa_circ_0000190 promoted expression of specific immune check-
point mRNAs in A549 cells: (A) the expression of C190 was significantly increased (** p < 0.01);
(B,CF) significantly increased mRNAs of CD80, PD-L1, and CD70 was found in A549 cells with
overexpression of C190 (* p < 0.05, **** p < 0.0001); (D) significantly decreased mRNA of CD155 was
observed; (E,G) no significantly different nRNA expression of CD43 and FGL1 was detected. All
experiments were performed independently in triplicate.
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Figure 7. The knockdown of hsa_circ_0000190 (C190) by siRNA inhibited expression of specific
immune checkpoint mRNAs in A549 cells: (A) siRNA-2 and siRNA-3 were designed to specifically
target the back-splice junction site of C190; (B) significantly decreased expression of C190 after
knockdown by siRNAs (*** p < 0.001, *** p < 0.0001); (C-H) significantly decreased mRNAs of CD80,
PD-L1, CD43, CD70 and FGL, and CD43 were found in A549 cells with knockdown of C190 (* p < 0.05,
**p <0.01). All experiments were performed independently in triplicate.
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Figure 8. Overexpression of hsa_circ_0000190 increased soluble PD-L1 production in NSCLC cells
and may be associated with decreased efficacy of anti-PD-1 antibody: (A) significantly increased
sPD-L1 was detected in the conditioned medium of A549 cells with C190 overexpression, compared
with the negative control (** p < 0.01); (B) C190 overexpression did not increase sPD-L1 in the
conditioned medium of H460 cells; (C) Patients with progressive disease (PD) after immunotherapy
had higher expression of sPD-L1, compared with those with partial regression (PR) or stable disease
(SD) (* p < 0.05); (D) tumor cells with C190 expression may hinder the efficacy of anti-PD-L1 antibody
and T-cell activation through increased sPD-L1, leading to treatment resistance and poor prognosis.
All experiments were performed independently in triplicate.

3. Discussion

Cumulative evidence suggested the involvement of circular RNAs in the pathogenesis
and progression of NSCLC, such as hsa_circ_0000190, circular RNA circ_0000284, circ-
CPAA4, etc. [12,20,22]. Our previous finding showed that upregulated C190 levels correlated
with poor response to systemic therapy and immunotherapy. The current investigation
illuminated that ¢190 contributed to the tumorigenesis and immune escape of NSCLC by
promoting sPD-L1 expression, implicating a novel insight into the pathological mechanism
of PD-L1-dependent immune evasion in NSCLC.

Previously, C190 was found to be upregulated and was associated with later-stage,
more distant metastatic organs metastasis, poor survival, and poor response to systemic
and immunotherapy [12,32]. In accordance with the reported data, this research revealed
that the overexpression of C190 promoted tumorigenesis of NSCLC, including migration,
invasion, and wound healing. Conversely, knockdown of C190 brought about the suppres-
sion of NSCLC tumorigenesis. The nanoparticle-based siRNA delivery system targeting
C190 in this study could significantly decrease tumor growth and may be a potential tool
for cancer therapy. Multiple early phase clinical trials regarding nanoparticle-based siRNA
for cancer treatment are ongoing [33]. Therefore, these results implied that C190 might
serve as a prognostic indicator of NSCLC, and the inhibition of C190 might be adopted as
a therapeutic strategy to block the progression of NSCLC. Downregulation of C190 has
been reported in multiple myeloma and gastric cancer, whereas C190 displays upregulation
in lung cancer [12,34,35]. These findings highlight the cell and tissue specificity of circR-
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NAs, which may affect different biological processes, showing that their dysregulation and
potential function should be elucidated in various types of cancers [36].

Multiple studies have demonstrated the role of circRNAs in regulating the expres-
sion of PD-L1 through the circRNA-miRNA-mRNA axis. CircCHST15 facilitated the
PD-L1-mediated immune escape of lung cancer cells by inhibiting miR-155-5p and miR-
194-5p [19]. The circ-CPA4-let-7 miRNA-PD-L1 axis regulated the growth of NSCLC cells
and inhibited cytotoxic T cells in TIME [20]. Hsa-circRNA-002178 in lung cancer cells
promoted the expression of PD-L1 through sponging miR-34 to cause T-cell exhaustion [21].
Circ_0000284 promoted upregulation of PD-L1 through inhibiting miR-377 in NSCLC [22].
Accumulating evidence suggested that circRNAs play an important role in TIME and in reg-
ulating immune-checkpoint genes, to affect the therapeutic efficacy of immune-checkpoint
inhibitors. Further investigation regarding the regulatory mechanism of circRNAs in antitu-
mor immunity and the efficacy of immunotherapy will benefit the therapeutic strategies of
lung cancer [23]. In our study, upregulated plasma hsa_circ_0000190 level has been reported
to correlate with poor response to immunotherapy and the expression of PD-L1 [12], and a
potential regulatory mechanism between C190 and PD-L1 was investigated in this research.
Specifically, by evaluating the cell lines and clinical specimens, PD-L1 mRNA could be
elevated by overexpression of C190, and sPD-L1 expression was increased subsequently.
However, the expression levels of PD-L1 in the tumor cells was decreased, suggesting that
C190-related expression of PD-L1 was predominantly in the sPD-L1 pattern but not in the
membrane PD-L1 pattern. In addition, poor response to immunotherapy in patients with
higher expression of sPD-L1 was also found. A previous report also showed that NSCLC
cells inhibited cytotoxic T cells through secreted PD-L1-dependent mechanisms [20]. Col-
lectively, we uncovered the regulatory mechanisms of C190, PD-L1, and sPD-L1 in NSCLC
cells and found that C190 overexpression promoted sPD-L1 expression without simultane-
ously elevated membrane PD-L1 expression. NSCLC with C190 expression may inhibit the
efficacy of anti-PD-L1 antibody and T-cell activation through increased sPD-L1, leading
to immunotherapy resistance and poor outcome. Immunotherapy with ant-PD-L1 mAb
plus inhibition of C190 by siRNA might be further investigated as a therapeutic strategy to
impede the progression of NSCLC.

Currently, immunotherapy resistance in NSCLC remarkably limited their therapeutic
efficacy [37], and the identification of novel therapeutic strategies to improve the effect of
immunotherapy remains critical. It has been reported that PD-L1-containing exosomes
from tumor cells resulted in drug resistance [38]. A circular RNA, circ-CPA4, was found
to positively regulate exosomal PD-L1, and NSCLC with circ-CPA4 inhibition reactivated
cytotoxic T cells in vivo [20]. In our study, C190 upregulated sPD-L1, which was associ-
ated with poor response to the immunotherapy, suggesting that inhibition of C190 may
potentially facilitate the efficacy of anti-PD-L1 antibody by decreasing the production of
sPD-L1. Impaired immune surveillance with subsequent immune evasion was found in
NSCLC [39,40]. We found that C190 expression regulated immune-checkpoint-related
binding partners including CD80 and PD-L1, which may have an influence on the immune
evasion in the tumor microenvironment. These findings suggested that circRNAs played
important roles in the resistance to an immune-checkpoint inhibitor, providing potential
therapeutic targets to improve treatment efficacy [41]. Further studies are necessary to
elucidate this strategy.

4. Materials and Methods
4.1. Cell Culture

Human lung cancer cell lines were obtained from the American Type Culture Collec-
tion (ATCC) and tested positive for human origin [12,42]. The human lung cancer cells
(CL1-0 to CL1-5, A549, H460, and H1299) were cultured in DMEM with 10% fetal bovine
serum, 100 units/mL penicillin, and 100 ug/mL streptomycin under standard culture
conditions (37 °C, 95% humidified air and 5% CO,). Subcultures were performed with
trypsin-EDTA. Media were refreshed every two days or three days.
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4.2. Cell and Plasmid Preparation for Overexpressing Circular RNA

All plasmids were amplified by DH5-alpha competent E. coli cells. For preparation,
2 pL (100 ng/uL) of Plasmid DNA was added to 50 uL. DH5-alpha competent cells and
placed on ice for 25 min. Heat shock was performed at 42 °C for 45 s. Then, the specimens
were placed on ice for 2 min, and 250 puL room temperature LB medium was pipetted into
the mixture. After incubation of the specimens at 37 °C for 30 min, 50-100 pL of them was
spread onto a selection plate and incubated overnight at 37 °C. A single clone was selected
into a 40 mL LB medium that contained ampicillin (100 ng/mL) and incubated overnight
at 37 °C. Overnight cultures were extracted by QIAGEN Plasmid Maxi Kit (QIAGEN,
catalog No. 12163, Hilden, Germany) and measured by microvolume spectroscopy (Nano
Photometer® N60/N50, IMPLEN, Westlake Village, CA, USA). The plasmid was diluted to
a final concentration of 1 ug/ul for transfection. The TransIT®-LT1 Transfection Reagent
(Mirus, MIR2300, Madison, WI, USA) was used for the DNA transfection according to the
manufacturer’s instructions. Plasmids used for the circular RNA overexpression consist of
pcDNA3.1(+) ZKSCAN1 MCS Exon Vector (Addgene, plasmid #69901, Cambridge, MA,
USA) and pcDNA3.1(+) ZKSCAN1 MCS Exon Vector with hsa_circ_0000190 gene.

4.3. Transfection with Small-Interfering RNA (siRNA)

Cells (2 x 10°/ mL) were seeded in 6-well plates. After 24 h of incubation, cells were
transfected using Lipofectamine™ 2000 Transfection Reagent (Invitrogen), according to the
manufacturer’s instructions. Hsa_circ_0000190 siRNAs were synthesized by MDBio (Taipei,
Taiwan). Transfection efficiency in the cell lines was confirmed by RT-qPCR. Three days
after transfection, cells were treated with the indicated reagent for further experiments.

4.4. Cell Proliferation Assay

Cell proliferation was measured by using Cell Counting Kit-8 (CK04-01, Dojindo,
Kumamoto, Japan) according to the manufacturer’s instructions. Cell suspensions were
plated to a density of 5000 cells/100 pL in 96-well culture plates after 24 h of further
incubation, 10 pL of CCK-8 solution was added to each well. The plates were read in the
ELISA plate reader at 450 nm with a reference wavelength of 650 nm. All experiments were
performed independently in triplicate.

4.5. Migration and Invasion

Transwell assays were performed by using Transwell plates (Falcon, Franklin Lakes,
NJ, USA). The cells were allowed to migrate through an 8.0 pm transparent PET membrane
(Falcon, Franklin Lakes, NJ, USA), and the matrigel invasion Chamber (BD, Bedford, MA,
USA) was used for invasion analysis. The expression of hsa_circ_0000190 in lung cancer
cells was transiently overexpressed or knocked down for 72 h. In total, 1-2 x 10° cells with
1% FBS medium were added in each insert, and 10% FBS medium was placed in each lower
chamber. After 24 h of incubation at 37 °C, inserts were taken out and counted under an
inverted fluorescent microscope [18]. The average number of cells and images from the
microscopic fields of three experiments were recorded. Each image was taken from the
center of the well.

4.6. Wound-Healing Assay

Cells (5 x 10°/mL) were seeded in 6-well plates and cultured for 24 h. A pipette tip
was used to make a straight scratch after 24 h. Then, the bottom of the plate was marked,
and the image was recorded. After image recording, the expression of hsa_circ_0000190 in
lung cancer cells was transiently overexpressed or knocked down. Images were recorded at
0h, 24 h, and 72 h. Finally, the Image ] software (version 1.8.0, National Institute of Health,
Bethesda, MD, USA) was used to calculate the percentage of wound closure.
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4.7. Animal Experiments

All animal experiments were approved by the Institutional Animal Care and Use
Committee of Taipei Veterans General Hospital. Male BALB/c nude mice (7-8 weeks old)
(National Laboratory Animal Center, Taipei, Taiwan) were divided into different groups,
including the wild-type (WT) group (n = 5), the C190-overexpression-negative control
group (n = 5), the C190-overexpression group (n = 5), the siRNA-negative control group
(n =5), and the C190 siRNA group (1 = 5). The A549 cells were harvested and subjected
to subcutaneous implantation into the dorsolateral flank region of the mice. The wild-
type A549 cells were inoculated into the WT group. By using NANOPARTICLE-based
In Vivo Transfection Reagent (Altogen, Catalog #5031, Las Vegas, NV, USA) to improve
cell penetration and prolong half-life, the pcDNA3.1(+) ZKSCAN1 MCS Exon Vector and
pcDNA3.1(+) ZKSCAN1 MCS Exon Vector with hsa_circ_0000190 gene were wrapped
in the nanoparticles and subcutaneously injected into the C190-overexpression-negative
control group and the C190-overexpression group, respectively. Then, 50 uL nanoparticles
coupled with 100 pg scrambled siRNA (5-UUCUCCGAACGUGUCACGU-3') or siRNAs
targeting C190 were subcutaneously injected into the siRNA-negative control group or the
C190 siRNA group, respectively. The tumor size was measured twice a week using a caliper.
The average tumor volume was calculated by the following equation: V = % (A x B?) (A,
long diameter; B, short diameter) [32]. The mice were euthanized after 28 days of A549 cell
inoculation. Then, xenograft tumors were removed and imaged. The weight and size of
the tumors were measured, and the tumor tissues were collected for analysis.

4.8. Western Blotting Analysis

Total protein of human lung cancer cells was extracted with RIPA lysis and extraction
buffer (Thermo Fisher, Catalog #89900, Waltham, MA, USA) according to the manufac-
turer’s instructions. An equal amount of the total protein was measured by Protein Assay
Dye Reagent Concentrate (Bio-Rad, Catalog #5000001, Hercules, CA, USA). For evaluation
of the association between immune checkpoints and hsa_circ_0000190, relevant ligands
were selected, such as CD80/CD86, which interacted with CTLA-4 and CD28 for T-cell
inhibition or activation, respectively. The other immune checkpoints included TIM-3, BTLA,
TIGIT, LAG-3, and PD-1, and the related binding partners were galectin-9, HVEM, PVR
(CD155), HLA-DR, and PD-L1, respectively [13-17].

An equal amount of the total cell lysates was subjected to Western blotting analysis by
using anti-PD-L1 (Abcam, ab205921, Cambridge, MA, USA), anti-CD80 (Abcam, ab224797,
USA), anti-CD86 (Abcam, ab269587, USA), anti-HVEM (Abcam, ab62462, USA), anti-HLA-
DR (Abcam, ab92511, USA), anti-galectin-9 (Abcam, ab123712, USA), anti-CD155 (Abcam,
ab229553, USA), anti-GAPDH (Taiclone, tcbal3660, Taipei, Taiwan), anti-CD43 (Abcam,
ab233969, USA), anti-CD70 (Abcam, ab175389, USA), anti-FGL1 (Abcam, ab197357, USA),
and anti-PD-L2 antibody (Abcam, ab256386, USA) as primary antibodies. Goat anti-rabbit
horseradish peroxidase (HRP) (Abcam, ab6712, USA) and goat anti-mouse HRP (Abcam,
ab97023, USA) were used as secondary antibodies. Inmunoreactive bands were visualized
by Western Lightning Plus-ECL, Enhanced Chemiluminescence Substrate (PerkinElmer,
NEL103001EA, Waltham, MA, USA).

4.9. RNA Extraction and RT-gPCR

Total RNA was extracted by RNeasy Mini Kit (QIAGEN, Hilden, Germany). The
amount of the total RNA was measured by microvolume spectroscopy (IMPLEN,
USANanoPhotometer® N60/ N50). For the RT-PCR, 5 ug of total RNA for the cDNA
synthesis, random hexamer primer (Thermo Fisher, SO142, Waltham, MA, USA), and
reverse transcriptase (Thermo Fisher, Waltham, MA, USA) were used according to the
manufacturer’s instructions. PCRs were performed by using the SYBR Green method in an
ABI 7000 sequence detection system (Applied Biosystems). The primer sequences are listed
in Supplementary Materials Table S1.
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4.10. Patient Population

Whole blood samples will be collected from patients with advanced lung cancer
receiving treatment, including PD-1/L1 blocking antibodies. The medical records are
reviewed to evaluate the clinical characteristics. Blood specimens will be collected before
receiving immunotherapy.

4.11. Enzyme-Linked Immunosorbent Assay

The sPD-L1 level was measured using the Human PD-L1SimpleStep ELISA® Kit
(Abcam, ab214565) according to the manufacturer’s instructions. All the samples were
tested in duplicate.

4.12. Lung Cancer Treatment Efficacy Evaluation

The baseline evaluation of lung cancer was performed within 3 weeks prior to im-
munotherapy treatment. The chest computed tomography scan was performed within
3 weeks before starting treatment, and then, every 3 months thereafter, or when confir-
mation of treatment response or disease progression was needed. Treatment response
assessment was analyzed according to the Response Evaluation Criteria in Solid Tumors
(RECIST) group criteria (version 1.1). Progression-free survival (PFS) was calculated from
the date of initiating treatment to the earliest sign of disease progression, as determined by
the RECIST criteria, or death from any cause. If disease progression had not occurred at
the time of the last follow-up visit, PFS was considered to have been censored at that time.
Overall survival was measured from the date of initiating treatment until the date of death
or last follow-up.

4.13. Statistical Analyses

The quantifiable data of the results are expressed as mean =+ standard error of the
mean (SEM). Differences between the groups were analyzed using one-way ANOVA,
followed by Student’s t-test. When comparing response rate and immune biomarkers, the
Mann-Whitney test was used for non-parametric data, and Pearson’s x? test was used for
parametric data. The Statistical Package for the Social Sciences (SPSS) 20.0 software (SPSS,
Chicago, IL, USA) and PRISM (GraphPad Software Inc., San Diego, CA, USA) were used
for statistical analysis. All p-values were two sided, and a value of <0.05 was considered
statistically significant.

5. Conclusions

In summary, hsa_circ_0000190 was shown to increase the PD-L1 mRNA-mediated
sPD-L1 expression, consequently interfering with the efficacy of anti-PD-L1 antibody and
T-cell activation, which may result in immunotherapy resistance and poor outcomes. Our
results unraveled that hsa_circ_0000190 facilitated the tumorigenesis and immune evasion
of NSCLC by upregulating sPD-L1 expression, potentially developing a different aspect
in elucidating the molecular immunopathogenesis of NSCLC. Hsa_circ_0000190 upregu-
lation can be an effective indicator for the progression of NSCLC, and hsa_circ_0000190
downregulation may possess a potential therapeutic value for the treatment of NSCLC in
combination with immunotherapy.
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