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Background andPurpose:Neutrophil to lymphocyte ratio (NLR) is positively associated

with poor prognosis in patients with cerebral infarction. The goal of this prospective study

is to explore the predictive value of NLR in patients with acute ischemic stroke (AIS)

caused by cervicocranial arterial dissection (CCAD).

Methods: Ninety-nine patients with AIS caused by CCAD met criteria for inclusion and

exclusion were selected for this study. We collected baseline data on the admission

including NLR. The primary poor outcome was major disability (modified Rankin Scale

score ≥ 3) or death at 3 months after AIS.

Results: A total of 20 (20.2%) patients had a poor outcome at 3 months after AIS.

According to the 3-month outcome, the patients were divided into two groups and

univariate and multivariable analyses were conducted. Among the risk factors, elevated

NLR levels were independently associated with 3-month poor outcomes. Further, we

made the ROC curve to evaluate the predictive value of NLR level on prognosis. The

area under the curve was 0.79 and a cut-off value of NLR was 2.97 for differentiating the

poor outcome. We divided patients into groups according to the cut-off value. Patients

with high NLR have a higher risk of poor outcome than those with low NLR (P < 0.05).

Conclusion: As an inflammatory marker, elevated NLR levels were associated with

3-month poor outcome in AIS caused by CCAD.

Keywords: cervicocranial arterial dissection, acute ischemic stroke, inflammation, neutrophil to lymphocyte ratio,

3-month outcome

INTRODUCTION

Arterial dissection is the angiopathy that blood flow enters the artery wall and causes
vascular wall tissue dissect. Arterial dissection leads to various pathological changes, such
as the stenosis or occlusion of the lumen and dissecting aneurysm of the artery (1). With
the development of imaging techniques and clinical knowledge, incidence of cervicocranial
arterial dissection (CCAD) is increasing. It has become a common cause of stroke in young
patients, in whom it accounts for 10–25% (2). The etiology of CCAD is still unclear.
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Trauma and connective tissue diseases can only explain
partial dissection (3). Inflammation is known to be involved
in the development of a variety of vascular diseases (4–7).
Recently, infections have been reported to be associated with
the occurrence and pathogenesis of CCAD (8). In previous
studies on AIS, inflammation and immune response are also
important parts of pathophysiology of stroke (9–11). Therefore,
we speculated inflammatory response is important in AIS
by CCAD.

The neutrophil to lymphocyte ratio (NLR), as a simple
parameter of innate (neutrophil), and adaptive (lymphocyte)
immune response, is easy to obtain from peripheral blood (12).
Recent studies showNLR can predict the prognosis andmortality
of patients with aortic dissection or cerebral infarction (5, 13, 14).
Qun et al. (15) demonstrated that high NLRwas highly correlated
with the 3-month poor outcome of AIS. Clinical values of NLR
in prognoses of patients with AIS caused by CCAD have not
been fully explored. Therefore, we conducted a comprehensive
analysis of those patients to explore the prognostic value of NLR
on the 3-month outcome.

MATERIALS AND METHODS

Study Population
Patients with AIS by CCAD in the First Affiliated Hospital
of Soochow University from April 2014 to October 2019 were
selected as the research subjects. Data were collected from
electronic patient records and administrative databases used for
quality improvement.

CCAD was initially diagnosed by computed tomography
angiography (CTA), and was further confirmed by digital
subtraction angiography (DSA) or high-resolution magnetic
resonance imaging (HR-MRI); in addition, thickened vascular
intima and atherosclerotic plaque formation were excluded
(16). All cases of AIS were confirmed by MRI. The diagnosis
of CCAD was made according the previous description (17).
The diagnostic criteria included the following factors: clinical
symptoms such as neck pain, edema, and signs of Horner’s
syndrome; the disruption of normal arterial wall on CTA or
DSA imaging including stenosis, intimal flap, false lumen,
mural thrombus, and pseudoaneurysm; the exclusion of vessel
hypoplasia, pseudodissection, and the signs of atherosclerosis
such as vessel calcification (17). We confirmed the relationship
between CCAD and AIS that the dissected artery was the only
responsible vessel and the only cause of AIS by HR-MRI or
CTA imaging. In addition, cardiogenic stroke was excluded in all
patients by cardiac examination.

Exclusion criteria were as follows: (1) Patients with AIS
admitted more than 48 h; (2) Patients had a history of infection
within 2 weeks before admission that was defined as fever
(T ≥ 38◦C) and at least one other typical symptoms (cough,
rhinitis, hoarseness, sneezing, or vomiting); (3) Patients had a
history of cancer, chronic inflammation, hematological diseases,
autoimmune diseases, or treatment with immunosuppressive
agents; (4) Patients had a stroke history within 6 months or the
modified Rankin scale (mRS) > 0 before the onset; (5) Patients
did not complete a blood count within 24 h of admission; (6)

There was no evidence of AIS at this admission; (7) patients with
iatrogenic and traumatic dissections. The diagnosis of CCADwas
made by two senior imaging doctors.

Clinical Information Collection
We collected baseline data including gender, age, history of
trauma, history of head and neck pain, cerebral vascular risk
factors such as hypertension, and diabetes. Peripheral venous
blood samples were collected on the morning of the second day
after admission with an overnight fasting.

Evaluation of 3-Month Outcome
Modified Rankin Scale (mRS) was used to evaluate the 3-month
outcome after the onset of AIS. The primary outcome was death
or major disability at 3 months after AIS. other outcomes were
stroke recurrence and hemodynamics of the diseased vessels. The
poor outcome was defined as the mRS ≥ 3.

Statistical Analysis
Continuous variables were analyzed as mean and standard
deviation or the median and interquartile range while categorical
variables were analyzed as frequency and percentage, properly.
The differences among continuous variables were analyzed by
the Student’s t-test or the Mann-WhitneyU-test while differences
among categorical variables were assessed by the Chi-square
test. Logistic regression analysis was used to find risk factors
associated with poor prognosis in patients with AIS caused by
CCAD after adjusting for other variables selected from univariate
analyses. Receiver operating curves (ROC) were used to evaluate
the predictive value of NLR level and to establish optimal cut-off
values of NLR correlated with poor outcome. Statistical analysis
was performed in SPSS 25.0. A value of P < 0.05 was considered
statistically significant.

RESULTS

Study Population and Baseline
Characteristics
A total of 168 patients with CCAD were admitted between
April 2014 and October 2019 in the First Affiliated Hospital of
Soochow University (Suzhou city, China). The CCAD mainly
showed dual-chamber sign, line-like sign, endometrial flap sign,
bead sign, or rat tail sign in CTA or DSA examination. HR-MRI
revealed signs of hematoma, aneurysm-like dilatation, or double
cavity with true cavity stenosis in the dissection. Among these
patients, 69 patients were excluded according to the exclusion
criteria, and 99 patients met the study criteria. Patient baseline
characteristics were shown in Table 1. The average age of all
patients was 47.72 ± 11.94; 79 (79.8%) were male and the
ratio of male to female was about 4:1. 17 (17.2%) patients had
a smoking history; 43 (43.4%) had a hypertension history; 11
(11.1%) had type 2 diabetes; 11 (11.1%) had a stroke history
or TIA; and 18 (18.2%) had a history of trauma. White blood
cell (WBC) was 8.91 ± 2.88 × 109 /L; neutrophil count was
5.54 (4.08, 7.88) × 109/L, and lymphocyte count was 1.64 (1.27,
2.09) × 109 /L; NLR was 3.21 (2.44, 4.91). All of our patients
received anticoagulant or antiplatelet therapy and five patients
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TABLE 1 | The clinical characteristics of patients with AIS caused by CCAD.

Characteristics Patients (n = 99)

Demographics

Age in years, mean ± SD 47.72 ± 11.94

Male, n (%) 79 (79.80)

Smoking, n (%) 17 (17.20)

Drinking, n (%) 7 (7.10)

Medical history

History of trauma, n (%) 18 (18.20)

History of head and neck pain, n (%) 16 (16.20)

Hypertension, n (%) 43 (43.40)

Diabetes, n (%) 11 (11.10)

CHD, n (%) 1 (1.00)

History of stoke or TIA, n (%) 11 (11.10)

Clinical features

Patients with vascular occlusion, n (%) 59 (59.60)

SBP in mmHg, mean ± SD 132.03 ± 16.80

DBP in mmHg, mean ± SD 80.60 ± 12.69

FGB in mmol/l, median (IQR) 5.01 (4.49, 6.01)

TC in mmol/l, median (IQR) 3.83 (3.23, 4.57)

TG in mmol/l, median (IQR) 1.23 (0.95, 1.73)

HDL in mmol/l, median (IQR) 1.01 (0.87, 1.23)

LDL in mmol/l, median (IQR) 2.23 (1.68, 2.85)

WBC in × 109/l, mean ± SD 8.91 ± 2.88

NLR, median (IQR) 3.21 (2.44, 4.91)

N in × 109/l, median (IQR) 5.54 (4.08, 7.88)

L in × 109/l, median (IQR) 1.64 (1.27, 2.09)

CRP, median (IQR) 2.72 (0.73, 9.22)

NIHSS at admission, median (IQR) 4.00 (2.00, 10.00)

NIHSS at discharge, median (IQR) 2.00 (1.00, 6.00)

Primary outcome: major disability (mRS score 3-6)

3-month mRS, median (IQR) 1.00 (0.00, 2.00)

3-month poor outcome, n (%) 20 (20.20)

Other outcomes

Hemorrhage, n (%) 5 (5.05)

Recurrent ischemic stroke, n (%) 3 (3.00)

Improved hemodynamics of diseased

vessels, n (%)

58 (58.60)

(5.05%) stopped medication after intracranial/gastrointestinal
hemorrhage during treatment. Among them, 20 (20.2%)
patients had a poor outcome at 3 months after AIS; 3
(3%) patients had recurrent ischemic stroke, and 58 (58.6%)
patients of ultrasound showed improved hemodynamics of
diseased vessels.

Risk Factors Associated With Poor
Outcome in Patients With AIS Caused
CCAD
According to the outcome after a 3-month follow-up, the patients
were divided into two groups: the good outcome group with
79 patients (mRS < 3) and the poor outcome group with 20
patients (mRS ≥ 3). Statistical analysis indicated that there

were significant differences on FGB, WBC, NLR, neutrophil
count, C-reactive protein, NIHSS at admission and NIHSS score
at discharge, 3-month mRS between two groups (P < 0.05);
However, there was no difference on age, gender, history of
trauma, hypertension, diabetes, CHD, smoking, or drinking, TC,
TG, HDL, LDL, neutrophil count, recurrent ischemic stroke,
improved hemodynamics of diseased vessels, hemorrhage, and
other factors between two groups (P > 0.05, Table 2).

Binary logistic regression analysis was used to determine
factors that were significantly associated with poor outcome at
3 months after AIS. After the factors that might potentially
affect the outcome were adjusted, our results indicated that NLR
(adjustedOR, 2.457; 95%CI, 1.096–5.508; P= 0.03), TG (adjusted
OR, 10.015; 95%CI, 1.143–87.736; P = 0.04), WBC (adjusted
OR, 1.794; 95%CI, 1.056–3.049; P = 0.03), age (adjusted OR,
1.258; 95%CI, 1.015–1.559; P = 0.04), ANC (adjusted OR, 2.919;
95%CI, 1.198–7.111; P = 0.02), and NIHSS (adjusted OR, 1.767;
95%CI, 1.234–2.529; P = 0.002) at admission were associated
with 3-month poor outcome in the study. However, history of
trauma, history of head and neck pain, smoking, type 2 diabetes,
SBP, FGB, LDL, history of stroke or TIA and ALC showed no
association with poor outcome (P > 0.05, Table 3).

NLR Was Associated With 3-Month Poor
Outcome
Since NLR is a simple and convenient biomarker to obtain and
was validated in patients with AIS, we examined whether NLR
was a more specific biomarker for 3-month outcome in patients
with AIS caused by CCAD. According to the NLR value, the
study population was divided into three tertiles, each containing
33 people. In the first tertile (NLR 2.05, 1.24–2.86), the poor
outcome rate was 3%; in the second tertile (NLR 3.21, 2.42–
4.00), the poor outcome rate was 15.2%; in the third tertile (NLR
6.15, 2.96–9.34), the poor outcome rate was 42.4% (Figure 1).We
used the Jonckheere-Terpstra test to evaluate the relationship of
the poor outcome rate and NLR and found that the difference
on the poor outcome rate between each tertile was statistically
significant (P < 0.001), indicating that high NLR level was
associated with 3-month poor outcome.

Further, we made the ROC curve to evaluate the predictive
value of NLR level on prognosis. An NLR value of 2.97 was
calculated as an optimal cut-off value to discriminate between
good and poor outcome of patients with AIS caused by CCAD.
The area under the curve was 0.79 (95%CI, 0.69–0.89). An
NLR value of 2.97 as a cut-off value for differentiating the poor
outcome with a sensitivity of 95% and a specificity of 53%
(Figure 2).

Patients With High NLR Have an Increased
Risk of Poor Outcome
According to the cut-off point, the patients were divided into a
high NLR group with 56 patients (≥3) and a low NLR group with
43 patients (<3). We found statistically significant differences
on drinking, history of stroke or TIA, WBC, neutrophil count,
lymphocyte count, C-reactive protein levels, NIHSS at admission,
NIHSS score at discharge, and 3-month mRS between the two
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TABLE 2 | Clinical and laboratory findings in patients with poor and good outcome.

Characteristics mRS ≥ 3 (N = 20) mRS < 3 (N = 79) P-value

Demographics

Age in years, mean ± SD 51.35 ± 9.58 46.80 ± 12.35 0.13

Male, n (%) 17 (85.00) 62 (78.50) 0.76

Smoking, n (%) 2 (10.00) 15 (19.0) 0.51

Drinking, n (%) 1 (5.00) 6 (7.60) 1.00

Medical history

History of trauma, n (%) 3 (15.00) 15 (19.00) 1.00

History of head and neck pain, n (%) 1 (5.00) 15 (19.00) 0.18

Diabetes, n (%) 4 (20.00) 7 (8.90) 0.23

Hypertension, n (%) 10 (50.00) 33 (41.80) 0.62

CHD, n (%) 0 (0.00) 1 (1.30) 1.00

History of stroke or TIA, n (%) 1 (5.00) 10 (12.70) 0.45

Clinical features

Patients with vascular occlusion, n (%) 15 (75.00) 44 (55.70) 0.13

SBP in mmHg, median (IQR) 138.50 (119.25, 150.00) 130.00 (121.00, 139.00) 0.32

DBP in mmHg, median (IQR) 80.50 (67.75, 90.00) 80.00 (72.00, 90.00) 0.96

FGB in mmol/l, median (IQR) 6.02 (5.13, 7.87) 4.88 (4.46, 5.50) 0.01

TC in mmol/l, median (IQR) 4.04 (3.36, 4.72) 3.77 (3.20, 4.50) 0.20

TG in mmol/l, median (IQR) 1.36 (1.02, 1.75) 1.19 (0.94, 1.68) 0.44

HDL in mmol/l, median (IQR) 1.05 (0.91, 1.32) 0.99 (0.87, 1.18) 0.43

LDL in mmol/l, median (IQR) 2.48 (1.90, 2.83) 2.13 (1.65, 2.91) 0.22

WBC in × 109/l, mean ± SD 11.12 ± 3.21 8.35 ± 2.51 <0.001

NLR, median (IQR) 5.26 (3.25, 7.81) 2.90 (2.16, 4.23) <0.001

N in × 109/l, median (IQR) 8.62 (5.91, 10.87) 5.08 (3.83, 6.66) <0.001

L in × 109/l, median (IQR) 1.56 (1.05, 1.88) 1.64 (1.28, 2.20) 0.20

CRP, median (IQR) 11.27 (4.10, 14.04) 2.07 (0.68, 6.05) 0.002

NIHSS at admission, median (IQR) 16.00 (12.00, 17.50) 3.00 (2.00, 7.00) <0.001

NIHSS at discharge, median (IQR) 10.00 (8.00, 11.75) 2.00 (1.00, 4.00) <0.001

Outcome

3-month mRS, median (IQR) 3.50 (3.00, 4.00) 1.00 (0.00, 1.00) <0.001

Hemorrhage, n (%) 2 (10.00) 3 (3.80) 0.06

Recurrent ischemic stroke, n (%) 1 (5.00) 2 (2.50) 0.50

Improved hemodynamics of diseased vessels, n (%) 10 (50.00) 48 (60.80) 0.45

groups (P < 0.05). However, there was no statistically significant
difference in other factors between the two groups (P > 0.05,
Table 4). In the high NLR group, 19 patients (33.9%) had
3-month poor outcome, whereas in the low NLR group, 1 patient
(2.3%) had 3-month poor outcome (Table 4). Compared with
patients in the low NLR group, patients in the high NLR group
had higher poor outcome rate (P < 0.01).

DISCUSSION

NLR is a composite marker of absolute peripheral neutrophil and
lymphocyte counts and reflects the burden of inflammation (12).
Previous studies showed that inflammation played an important
role in the pathogenesis of arterial dissection and stroke (7, 18–
20). In this study, we showed that high NLR was an independent
predictor of 3-month poor outcome for AIS caused by CCAD. It

was a convenient and simple indicator of inflammatory response
after CCAD-induced AIS. To our knowledge, this study was the
first time to analyze the relationship between NLR and 3-month
outcome in CCAD-induced AIS patients.

Previous study showed that inflammation played an
important role in the initiation and progression of ischemic
cerebrovascular diseases (20). Therefore, NLR, the marker of
inflammation, may also reflect the progress and prognosis of
ischemic cerebrovascular diseases. Oz et al. (7) found that NLR at
the time of admission was a predictor of the short-term outcome
of patients with Stanford type aortic dissection. Kocaturk et al.
(21) and Qun et al. (15) also confirmed that NLR can predict
the 3-month prognosis of AIS. Considering that AIS caused by
CCAD may have different inflammatory changes from AIS, we
expanded the previous study by screening AIS patients with
CCAD. We recruited 99 patients with AIS by CCAD as the
research objects; however, we still found that NLR is a good
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TABLE 3 | Binary logistic regression analysis predicting the poor outcome in

patients with AIS caused by CCAD.

Model Independent variable Adjusted OR 95% CI P-value

Model 1 Age 1.092 0.951–1.255 0.212

(with NLR) History of trauma 0.225 0.016–3.237 0.273

History of head and neck pain 0.013 0.000–5.504 0.159

Smoking 5.190 0.217–123.918 0.309

Diabetes 0.605 0.011–32.534 0.805

NIHSS at admission 1.712 1.268–2.310 <0.001

SBP 0.997 0.942–1.054 0.912

FGB 1.444 0.746–2.798 0.276

LDL 0.431 0.144–1.291 0.133

TG 10.015 1.143–87.736 0.037

History of stroke or TIA 0.318 0.001–164.345 0.719

NLR 2.457 1.096–5.508 0.029

CRP 0.937 0.786–1.117 0.470

Model 2 Age 1.160 0.999–1.347 0.052

(with WBC) History of trauma 0.065 0.002–2.124 0.124

History of head and neck pain 0.094 0.002–5.167 0.247

Smoking 2.518 0.163–39.006 0.509

Diabetes 0.445 0.013–14.924 0.651

NIHSS at admission 1.586 1.222–2.058 0.001

SBP 1.000 0.946–1.058 0.991

FGB 1.380 0.749–2.542 0.301

LDL 0.532 0.177–1.602 0.262

TG 4.383 0.861–22.310 0.075

History of stroke or TIA 0.447 0.003–71.029 0.756

WBC 1.794 1.056–3.049 0.031

CRP 1.018 0.868–1.193 0.829

Model 3 Age 1.258 1.015–1.559 0.036

(with ANC) History of trauma 0.025 0.000–1.382 0.072

History of head and neck pain 0.039 0.000–6.445 0.213

Smoking 5.620 0.229–137.640 0.290

Diabetes 0.125 0.001–24.015 0.439

NIHSS at admission 1.767 1.234–2.529 0.002

SBP 1.014 0.952–1.079 0.672

FGB 1.695 0.668–4.304 0.267

LDL 0.274 0.061–1.224 0.090

TG 13.744 1.093–172.838 0.042

History of stroke or TIA 0.040 0.000–533.520 0.507

ANC 2.919 1.198–7.111 0.018

CRP 1.038 0.866–1.244 0.688

Model 4 Age 1.037 0.934–1.152 0.495

(with ALC) History of trauma 0.646 0.052–7.961 0.733

History of head and neck pain 0.119 0.002–7.372 0.312

Smoking 1.171 0.101–13.603 0.899

Diabetes 1.326 0.053–33.282 0.864

NIHSS at admission 1.637 1.289–2.078 0.000

SBP 0.997 0.947–1.049 0.902

FGB 1.254 0.800–1.968 0.324

LDL 0.602 0.237–1.527 0.285

TG 3.649 0.656–20.295 0.139

History of stroke or TIA 1.363 0.047–39.716 0.857

ALC 0.350 0.071–1.739 0.199

CRP 1.005 0.881–1.147 0.942

ANC, absolute neutrophil count; ALC, absolute lymphocyte count; OR, odds ratio; CI,

confidence interval.

FIGURE 1 | The percentage of patients with poor outcome was stratified by

the tertile of NLR. Patients were divided into three groups according to the

tertiles of NLR (NLR ≤ 2.59, 2.59 < NLR ≤ 4.23, NLR > 4.23). The poor

outcome rate was calculated. The difference between each tertile was

assessed by Jonckheere-Terpstra test (P < 0.001).

FIGURE 2 | ROC showed predictive value of NLR for 3-month poor outcome

in AIS by CCAD. [n = 99; sensitivity = 0.95; specificity = 0.53; NLR = 2.97;

area under curve (AUC) = 0.79].

predictor of poor outcome at 3 months. Interestingly, 79.8% of
patients were male, showing a strong gender predisposition. In
addition, for our total CCAD patients (n = 168 with or without
AIS), male patients accounted for about 66.0%. In previous
CCAD population-based studies, it seemed a slight gender
predisposition favoring males (53–57%) (22). This may be due
to the selection bias caused by small sample size in our study.
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TABLE 4 | Clinical and laboratory findings in patients with low and high NLR.

Characteristics NLR ≥ 2.97 (N = 56) NLR < 2.97 (N = 43) P-value

Demographics

Age in years, mean ± SD 47.41 ± 10.88 48.12 ± 13.31 0.77

Male, n (%) 43.00 (76.80) 36.00 (83.70) 0.39

Smoking, n (%) 7.00 (12.50) 10.00 (23.30) 0.16

Drinking, n (%) 1.00 (1.80) 6.00 (14.00) 0.02

Medical history

History of trauma, n (%) 10.00 (17.90) 8.00 (18.60) 0.92

History of head and neck pain, n (%) 10.00 (17.90) 6.00 (14.00) 0.60

Hypertension, n (%) 25.00 (44.60) 18.00 (41.90) 0.78

Diabetes, n (%) 7.00 (12.50) 4.00 (9.30) 0.62

CHD, n (%) 1.00 (1.80) 0.00 (0.00) 0.38

History of stroke or TIA, n (%) 3.00 (5.40) 8.00 (18.60) 0.04

Clinical features

Patients with vascular occlusion, n (%) 32.00 (57.10) 27.00 (62.80) 0.57

SBP in mmHg, mean ± SD 134.34 ± 16.66 129.02 ± 16.69 0.12

DBP in mmHg, mean ± SD 81.84 ± 13.25 78.98 ±11.89 0.27

FGB in mmol/l, median (IQR) 5.32 (4.44, 6.66) 4.84 (4.61, 5.32) 0.41

TC in mmol/l, median (IQR) 3.88 (3.34, 4.71) 3.76 (3.16, 4.44) 0.33

TG in mmol/l, median (IQR) 1.31 (0.97, 1.67) 1.17 (0.95, 1.81) 0.42

HDL in mmol/l, median (IQR) 1.05 (0.90, 1.24) 0.95 (0.87, 1.18) 0.61

LDL in mmol/l, median (IQR) 2.26 (1.75, 2.97) 2.10 (1.56, 2.78) 0.14

WBC in × 109/l, mean ± SD 10.06 ± 2.85 7.42 ± 2.15 <0.001

NLR, median (IQR) 4.73 (3.57, 6.68) 2.26 (1.71, 2.59) <0.001

N in × 109/l, median (IQR) 7.11 (5.55, 9.22) 4.08 (3.52, 4.96) <0.001

L in × 109/l, median (IQR) 1.49 (1.12, 1.84) 1.89 (1.52, 2.61) <0.001

CRP, median (IQR) 5.61 (1.42, 13.26) 1.42 (0.49, 4.07) 0.01

NIHSS at admission, median (IQR) 8.00 (2.00, 14.00) 3.00 (2.00, 5.00) <0.001

NIHSS at discharge, median (IQR) 5.00 (1.25, 8.75) 1.00 (1.00, 3.00) <0.001

Primary outcome: mRS score

3-month mRS, median (IQR) 1.00 (0.00, 3.00) 0.00 (0.00, 1.00) <0.001

3-month Poor outcome, n (%) 19.00 (33.90) 1.00 (2.30) <0.001

Other outcomes

Recurrent ischemic stroke, n (%) 1.00 (1.80) 2.00 (4.70) 0.41

Improved hemodynamics of diseased vessels, n (%) 35.00 (62.50) 23.00 (53.50) 0.37

Hemorrhage, n (%) 4 (7.14) 1 (2.32) 0.384

However, male gender predisposition may be further examined
in CCAD patients in future studies.

The increase in NLR indicates the suppression of lymphocytes
or the excessive activation of neutrophils (12). After the
occurrence of acute aortic dissection and AIS, systemic immune
suppression may occur due to the brain’s immune response (23–
25), especially for T cells and natural killer cells in lymphocytes
(26). The function of lymphocyte in ischemic brain injury and
ischemic vascular endothelial is still controversial at present, but
certain specific subtypes have been shown to play a protective
role in the pathophysiology of cerebral ischemia (24, 26). Some
studies suggested that lymphopenia was an early feature of stroke,
which is a sign of persistent brain damage, stress response,
and the greater possibility of infection (26). Acute stroke can
trigger the reduction of regulatory T cells that suppress the

inflammatory response to increase tissue damage (23, 24, 26,
27). We didn’t find a correlation between low lymphocyte and
3-month poor outcome.

Considerable studies have demonstrated the damaging effects
of neutrophils on vascular endothelial cells in arterial dissection
and ischemic brain tissues (20, 28–32). Due to the similar
pathogenesis, we speculate that neutrophils play an important
role in the occurrence and development of AIS caused by CCAD.
Infiltration of inflammatory cells can usually be found in the
ischemic arterial walls of patients with CCAD and AIS (18, 28,
33). Peripheral neutrophils penetrate into the blood vessel walls
and release vasoactive or cytotoxic media, including reactive
oxygen species, proteases, matrix metalloproteinase (MMP), and
cytokines, which may lead to the destruction of the extracellular
matrix and the collapse of the vessel walls (32, 34). Our study
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found higher neutrophil count and higher leukocyte count
baselines both correlate with 3-month poor outcome in the
binary logistic regression analysis.

However, NLR reflects the balance of neutrophil and
lymphocyte levels, which can comprehensively reflect the
immune status, and the ratio may be more stable than a single
parameter. In this study, we also used NIHSS at admission
to analyze CCAD patients and found that the scale may not
adequately capture all forms of functional change. The NIHSS
has many advantages; however, it may miss some functional
changes when used in place of neurological examination or
blood parameters to measure improvement stroke (35, 36).
Therefore, we collected both NIHSS score at admission and
blood biochemical parameters to analyze their correlation with
the prognosis of patients. Although statistical analysis showed
that many factors, including NIHSS, were associated with
prognosis, NLR was still independently associated with 3-
month prognosis in binary regression analysis after adjusting
for confounding factors. We took NLR = 2.97 as the cutoff
value. The proportion of 3-month poor outcome in patients with
high NLR was significantly higher than that in patients with
low NLR, which was consistent with previous studies of a single
ischemic stroke with a larger size of samples. In addition, we
also found that the age and triglyceride level were associated
with 3-month outcome. This may be related to the pathogenesis
of CCAD. However, there was no significant difference between
two groups in the improvement of the hemodynamics of the
diseased vessels and the risk of recurrent ischemic stroke
at 3 months.

A higher NLR level may indicate devascularization, early
neurological deterioration and systemic immune dysfunction.
These events increase the risk of death and poor outcome in AIS
caused by CCAD. Generally, as an available clinical indicator,
NLR has strong practicability for acute clinical decision-making
and prognosis judgment.

There are also some limitations in our research. First, the
number of cases of AIS caused by CCAD is relatively small.
The insufficient sample size leads to weakened statistical strength
of conclusions. Second, the study is observational in nature.
We can’t prove the causal relationship between NLR and
3-month adverse outcome. Third, our study included patients
with anterior and posterior circulation dissections and did not
explore the relationship between cerebral infarct volume and
poor prognosis.

SUMMARY

The NLR level is related to the 3-month poor outcome of patients
with AIS caused by CCAD. When NLR ≥ 2.97, the risk of
poor outcome increases. This reliable and easy-to-use predictor
could contribute to clinical treatment strategy design in patients
with CCAD. Further studies should be performed to expand
the sample size and investigate the relevant inflammation and
immune pathways.

DATA AVAILABILITY STATEMENT

The original contributions generated for the study are included
in the article/supplementary materials, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

This study involving human participants were reviewed and
approved by the Institutional Review Board of the First Affiliated
Hospital of Soochow University. All patients provided their
written informed consent.

CONSENT FOR PUBLICATION

All the authors approved the manuscript and are consent for
the submission.

AUTHOR CONTRIBUTIONS

GS, YY, ZC, and XX designed the study. GS, YY, ZC, SD, SH,
YiqW, and YitW evaluated the subjects and collected the data.
LY, BS, and YY analyzed the data. GS, YY, XY, and XX wrote the
manuscript. All authors contributed to the article and approved
the submitted version.

FUNDING

This work was supported by the grants from National Key
R&D Program of China (2017YFE0103700), the National
Natural Science Foundation of China (81120108011 and
81771454), Shandong Provincial Natural Science Foundation
(ZR2019ZD32), and the Priority Academic Program
Development of Jiangsu Higher Education Institutions.

REFERENCES

1. Thanvi B, Munshi SK, Dawson SL, Robinson TG. Carotid and
vertebral artery dissection syndromes. Postgrad Med J. (2005)
81:383–8. doi: 10.1136/pgmj.2003.016774

2. Debette S, Leys D. Cervical-artery dissections: predisposing
factors, diagnosis, and outcome. Lancet Neurol. (2009) 8:668–
78. doi: 10.1016/S1474-4422(09)70084-5

3. Park KW, Park JS, Hwang SC, Im SB, Shin WH, Kim BT. Vertebral artery
dissection: natural history, clinical features and therapeutic considerations. J
Korean Neurosurg Soc. (2008) 44:109–15. doi: 10.3340/jkns.2008.44.3.109

4. Sullivan GW, Sarembock IJ, Linden J. The role of inflammation in vascular
diseases. J Leukocyte Biol. (2000) 67:591–602. doi: 10.1002/jlb.67.5.591
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Background and Objective: Chemotherapy and radiotherapy are effective treatment

options for cervical cancer (CC), but their efficacy is limited by short survival rate of

about 5 years particularly for advance stage CC. Bioinformatics analysis combined with

experimental in vivo and in vitro data can identify potential markers of tumorigenesis and

cancer progression to improve CC prognosis and survival rate of the patients. This study

aims to investigate the prognostic value of family with sequence similarity 83, member

A (FAM83A) gene and miR-206 in promoting CC progression and the involved genetic

signaling pathways.

Method: This was a bioinformatic analysis study based on RNA sequencing data of

The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases and

verification by in vivo and in vitro experimental data. It was designed to evaluate whether

the aberrantly expressed gene signatures could serve as new potential biomarker to

improve prognosis prediction in CC. The TCGA RNA sequencing data [306 cervical

squamous cell carcinoma (SCC) and endocervical adenocarcinoma samples and 13

adjacent samples] and GEO data (GSE9750 and GSE52903 datasets) were integrated

and performed a bioinformatics analysis.

Results: The results showed that CC-associated FAM83A gene serves as a

key regulator of CC development and progression. Functionally, we observed that

FAM83A is significantly overexpressed in CC, which is linked to poor overall

survival as well as disease-free survival in CC patients. The in-vitro and in-vivo

assessments performed after silencing FAM83A revealed that cell proliferation was

significantly inhibited and the S-phase cell cycle arrest was induced. Mechanistically,

FAM83A plays a role in PI3K/AKT signaling, and its downstream molecules could
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promote CC cell proliferation. Furthermore, functionality assessments by in-vitro

luciferase reporter system and immunoblot analysis showed that miR-206 was the

upstream of FAM83A and negatively correlated with FAM83A.

Conclusion: The miR-206/FAM83A/PI3K/AKT signaling pathway possibly serves as a

critical effector in CC progression indicating the potential prognostic value of FAM83A

gene as a novel biomarker for CC progression.

Keywords: cervical cancer, FAM83A, prognosis, biomarker, miR-206, survival

BACKGROUND

Cervical cancer (CC) is the fourth most common female cancer
and the second most prevalent cancer among young women (age
group: 15–44 years old) worldwide accounting for approximately
570,000 new cases each year (1–5). Although great efforts on
human papilloma virus (HPV) vaccines have been made to
protect women from CC, it is still the second leading cause
of tumors specific to women, next only to breast cancer (6–
8). Developing countries account for 80% of the world’s breast
cancer cases. Squamous cell carcinoma (SCC) is the most
prevalent histological type of CC accounts for approximately 80%
of all CCs. Despite the relatively high mortality of CCs, little is
known on definitive diagnosis and prognosis markers of these
cancers (9).

Prognostic and diagnostic biomarkers play crucial roles
in predicting the treatment response, prognosis and disease
progression in cancer, developing new therapies, and elucidating
tumorigenesis mechanisms (10, 11). High throughput profiling
methods including next-generation sequencing and gene
microarray have shown great potentials for identifying reliable
prognostic biomarkers for different cancers (12, 13). The use of
bioinformatics for analysis of gene sequencing and expression
data can help developing prognostic and diagnostic biomarkers
for cancers including CCs. Genotype-Tissue Expression (GTEx)
and The Cancer Genome Atlas (TCGA) projects consisting
of excellent databases of a very large RNA sequence data of
cancerous and normal samples, provide good opportunities
for high throughput modeling and bioinformatics analysis to
determine diagnostic and prognostic biomarkers of cancer
(9, 14, 15). TCGA database covers changes in 33 key cancer
genomes and contains more than two petabytes of genomic data
that are publicly available to help improve cancer prevention,
diagnosis, and treatment (16–21). Different bioinformatics
studies using the datasets of TCGA and Gene Expression
Omnibus (GEO) gene microarrays have analyzed the gene
sequencing and expression profiles of different tumors and
demonstrated that abnormal overexpression or genes are key
factors involved in the cancer progression (22, 23).

Family with sequence similarity 83, member A (FAM83A)
that was first identified as a potential tumor-specific gene
a bioinformatics approach is located on chromosome 8q24
(24). Previous studies have shown that FAM83A is aberrantly
expressed in several human cancers including pancreatic, lung,
breast, testis and bladder cancers (23, 25–29) indicating that
FAM83A could possibly play an oncogenic role during the

development and progression cancer. It has been shown that
FAM83A is significantly overexpressed and associated with
poorer overall survival (OS) and disease-free survival (DFS) in
specific cancers including lung, breast, and pancreatic cancer.
For instance, overexpression of FAM83A markedly facilitated,
whereas inhibition of FAM83A decreased, cancer stem cell
(CSC)-like features and chemoresistance both in vitro and in an
in vivomouse model of pancreatic cancer (23).

Different high-throughputmodeling studies have analyzed the
gene sequencing and expression profiles of CC and reported that
aberrantly expressed genes are key factors involved in the cancer
progression (22, 23). However, reviewing the literature shows
that the differentially expressed genes (DEGs) associated with
CC were rarely reported. In this regard, TCGA sequencing and
GEO gene microarrays along with bioinformatics analysis can be
employed to identify the DEGs affecting the biological functions
of CC at the genetic level.

In the present study, we integrated the TCGA RNA
sequencing data (306 cervical SCC and endocervical
adenocarcinoma samples and 13 adjacent samples) and
GEO data comprising the GSE9750 and GSE52903 datasets and
performed a bioinformatics analysis. We identified the FAM83A
gene is closely related to CC and further studied its biological
function on CC and potential molecular regulatory mechanism.

MATERIALS AND METHODS

RNA Sequencing and Microarray Data
Analysis
The cervical SCC data and GTEx RNA sequencing data and a
CC gene expression microarray comprising the GSE9750 and
GSE52903 datasets were downloaded from the TCGA (https://
cancergenome.nih.gov/abouttcga) and GEO (https://www.ncbi.
nlm.nih. gov/geo/) datasets, respectively. The Limma package
of R/bioconductor (bioconductor, USA) was used to screen the
DEGs (settings: q < 0.05, |log2(fold change)|≥4). Hierarchical
clustering and visualization were performed by the heatmap
package of R.

Immunohistochemistry Analysis
The surgical specimens examined in this study included 31
cervical SCC tissues and 31 corresponding para-carcinoma
tissues obtained from the First Affiliated Hospital of Changde
Vocational and Technical College between July 2013 and June
2015. Immunohistochemistry (IHC) analysis was carried out by
initially dewaxing and rehydrating slides. This was followed by
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subjection to heat-induced epitope retrieval in citrate buffer.
Incubation of slides with a rabbit anti-FAM83A polyclonal
antibody (bs-16014R, BIOSS) at 4◦C overnight was then carried
out. This was followed by staining of sections with DAB (Maixin
Bio, China) for 5min. The specific FAM83A in situ hybridization
(ISH) signal was judged as brown spots, and Image-Pro Plus 6.0
software was used to evaluate the expression level (30, 31).

Cell Culture
Human cervical epithelial cells (CerEpiC), Human CC cell lines
HeLa, SiHa, and CaSki (purchased from the Shanghai cell bank,
Chinese Academy of Sciences) were cultured in Dulbecco’s
Modified Eagle Medium (HyClone, USA) containing 10% fetal
bovine serum (HyClone, USA), 100 U/mL penicillin, 100 mg/mL
streptomycin at 37◦C in an environment containing 5% CO2.

RNA Interference
The sequences of the small interfering RNAs of FAM83A
(GenePharma, China), control siRNA sequences (GenePharma,
China), short hairpin RNA (GenePharma, China) were listed,
respectively as follows:

Sense: 5′-GGGCUGACUUUAGUGACAA-3′

Antisense: 5′-UUGUCACUAAAGUCAGCCC-3′

Sense: 5′-UUCUCCGAACGUGUCACGUTT-3′

Antisense: 5′-ACGUGACACGUUCGGAGAATT-3′

Sense: 5′-CACCGGGCTGACTTTAGTGACAACGAATTG
TCACTAAAGTCAGCCC-3′

Antisense: 5′-AAAAGGGCTGACTTTAGTGACAATTC
GTTGTCACTAAAGTCAGCCC-3′

The siRNA underwent transfection using Lipofectamine
RNAiMAX Reagent (Invitrogen) according to the instructions.
The Lentviral3-GFP-shRNA was used for infection of CaSki cells
for 24 h, then culturing of cells in DMEN medium containing
puromycin (3µg/mL) was carried out, in order to form a stable
cell line knocking down FAM83A.

In vitro Cell Proliferation and Cell Cycle
Assays
Cell activity was examined by CCK-8 Kits (Dojindo Laboratories,
Japan) following transient transfection of siRNA for 24, 48, and
72 h. Treated cells were collected and underwent washing with
phosphate-buffered saline. This was followed by fixation with
70% ethanol for 30min. Next, it was incubated with 100 µL of
RNase A for 30min, followed by staining with propidium iodide
(PI) for a duration of 30min in the dark. Then, cycle distribution
was analyzed by flow cytometry (FCM; BD, Influx).

In vivo Tumor Growth Assay
All procedures of this study were approved by local ethics
committee “Animal Care and Use Committee” of Chongqing
Medical University, Chongqing, China which were in complete
accordance with the regulations of “Guide for the Care and Use
of Laboratory Animals.” The BALB/c female nude mice (n = 6),
4–6 weeks of age, were obtained from the “Experimental Animal
Center” of Chongqing Medical University, Chongqing, China.
The nude mice were randomized into control and experimental
groups. In total, subcutaneous injection of 1 × 106 shCtrl and

shFAM83A CaSki cells were administered into the back of nude
mice. Tumor growth was observed weekly for 5 weeks. This was
followed by measurement and calculation of the tumor volume.
After 5 weeks, mice were sacrificed, then tumors were excised and
weighed. All of the data were represented as mean ± standard
deviation (SD).

Luciferase Reporter Assay
With reference to our previous experimental methods (32),
synthesis of the wild-type and mutant fragment sequences of
the 3’-untranslated region (UTR) of FAM83A were carried
out followed by cloning into the pmirGLO vector (Promega,
Madison). Cells inoculation in 24-well plates was carried out
followed by co-transfection with pmirGLO-FAM83A-wild-type
(WT), pmirGLO-FAM83A-mut, and miR-206 mimics or a
control by Lipofectamine 2000. After a period of 48 h, luciferase
assays were done with a Dual Luciferase Reporter Assay
System (Promega). Examination of Luciferase activity was then
determined with the Dual Luciferase Assay Kit (Promega) as
per protocol.

Statistical Analysis
The data were presented as Mean ± SD for all statistical
analyses and data presentation unless otherwise is expressed.
Student’s t-test was used to investigate the differences between
the two groups; the association between FAM83A expression and
clinicopathological factors was investigated by Chi-square test. P
< 0.05 was taken as statistically significant difference.

RESULTS

Identification of FAM83A as a Cervical
Cancer-Specific Gene
To determine critical genes involved in the development of
CC, the TCGA cervical SCC and GTEx RNA sequencing
data and a CC gene expression microarray comprising the
GSE9750 and GSE52903 datasets were analyzed. As seen in
Figure 1A, we identified 252 misregulated genes in the TCGA
database, 144 in the GSE9750 dataset, and 170 in the GSE52903
dataset (fold change > 4.0, q < 0.05). It was then discovered
that, in all datasets, five genes were consistently overexpressed
and three genes consistently under-expressed (Figure 1B). In
the preliminary experiments, we detected the expression of
these five up-regulated genes in CC tissues and cells by PCR,
and found that FAM83A was most consistent and significant
both in tissues and cells. Therefore, FAM83A was selected
for further experimental validation and analyzed its biological
behaviors in CC.

FAM83A Is Overexpressed in Cervical
Cancer and Correlates With Patient
Survival
We explored the potential role of FAM83A in CC tumorigenesis
using different analyses. We analyzed the expression of FAM83A
in six cancers (cervical SCC and endocervical adenocarcinoma,
cholangiocarcinoma, kidney chromophore, kidney renal clear
cell carcinoma, rectal adenocarcinoma, and liver hepatocellular
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FIGURE 1 | Identification of FAM83A as a cervical cancer-specific gene. (A) Hierarchical clustering analysis of genes that were differentially expressed (fold change >

4; q < 0.05) in cervical cancer and normal tissues. (B) Overlap of aberrantly expressed genes in the TCGA CESC data and GEO datasets.

carcinoma) using TCGA sequencing datasets. The result showed
that FAM83A is upregulated in CC tissues (Figure 2A). Low
FAM83A expression was predictive of better OS (log-rank P
= 0.05) and better DFS (log-rank P = 0.0004) (Figure 2B).
To further verify the expression of FAM83A in CC, then we
used qRT-PCR and IHC assays for examination of the level
of FAM83A in CC tissues and adjacent ones. It was found

that FAM83A was highly upregulated in 80.6% (25/31) of CC
tissues compared to adjacent tissues (Figures 2C,D). To study
the relation between FAM83A and CC clinical characteristics, the
patients were split in two groups based on FAM83A levels. To do
so, immunohistochemical staining was used to statistically score
the expression level of FAM83A in CC tissues, which was higher
than the mean as the high expression group and lower than
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FIGURE 2 | FAM83A is overexpressed in cervical cancer. (A) Analyses of FAM83A expression levels in cervical SCC and endocervical adenocarcinoma (CESC),

cholangiocarcinoma (CHOL), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), liver hepatocellular carcinoma (LIHC), and rectal adenocarcinoma

(READ) samples using TCGA sequencing data. (B) Kaplan–Meier analysis of overall survival and disease-free survival in patients with cervical cancer (P < 0.001 for

both overall survival and disease-free survival) based on FAM83A expression. (C) qRT-PCR was performed to detect FAM83A expression in cervical cancer and

matched normal tissues (n = 31). (D) IHC was performed to detect FAM83A expression in cervical cancer and matched normal tissues (n = 31).

the mean as the low expression group. Statistical results showed
no correlation between FAM83A expression and age, number of
lymph nodes, size of tumors or clinical stage (P > 0.05). On the
other hand, FAM83A expression was significantly correlated with
the histopathological type (P < 0.05) as well as lymph node status
(P < 0.05) (Table 1).

FAM83A Inhibits Cell Viability and Induces
Cell Cycle Arrest
We used qRT-PCR and immunoblot analysis to detect the
expression of FAM83A in HCerEpiC, highly metastatic cells
(CaSki), as well as low metastatic cells (HeLa and SiHa). It
was found that FAM83A expression was more in CC cell lines
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TABLE 1 | Relationship between FAM83A expression and clinicopathological

factors.

Characteristic FAM83A P-value

High expression Low expression

Age (year) 0.235

≥50 10 4

<50 15 2

Lymph node number 0.219

≥25 6 3

<25 19 3

Lymph node status 0.007

N0 20 1

N1 5 5

Histological type 0.0001

Malignant 25 6

Normal 7 24

Tumor size (cm) 0.646

<3 9 2

≥3 16 4

Clinical stage 0.146

I 4 2

II 15 3

III 6 1

when compared to cervical epithelial cells. The CaSKi cells
(high metastatic) the expression was the highest (Figure 3A).
To further understand the biological role of FAM83A in
regulation of CC cells, FAM83Awas knocked down in CaSki cells
(with high FAM83A expression) by siRNA/shRNA-mediated
silencing. The qRT-PCR and immunoblot analysis confirmed that
FAM83A expression levels were markedly reduced in CaSki cells
(Figure 3B). As shown in Figure 3C, FCM was performed to
determine whether FAM83A plays a role in regulating the cell
cycle. FCM showed that the knockdown of FAM83A in CaSki
cells resulted in a remarkable rise in the percentage of cells in
G1 phase while reduced the proportion of cells in S-phase. These
above results indicated that silence of FAM83A blocked the cell
cycle from progressing and inhibited CC cells activity. Moreover,
CCK-8 assays demonstrated that silencing FAM83A markedly
inhibited the proliferation of CC cells in vitro (Figure 3D). For
further confirmation of FAM83A role in the tumorigenesis of CC,
nude mice were injected with FAM83A stable knockdown CaSki
cells as well as control cells. FAM83A knockdown significantly
restrained tumor growth in nude mice (Figure 3E). The IHC
analysis showed that the FAM83A knockdown group had less
Ki67-positive cells when compared with those from the control
group (Figure 3F).

PI3K/Akt Signaling Is Essential for
FAM83A-Promoted CC Proliferation
For further elucidation of molecular mechanisms of proliferation
inhibition as well as cell cycle arrest by FAM83A depletion
in CC, a gene set enrichment analysis (GSEA) of publicly

available TCGA cervical SCC data was performed. We were
excited to find that FAM83A expression was correlated with the
activation of phosphatidylinositol 3 kinase (PI3K)/protein kinase
B (AKT) signaling (Figure 4A). Therefore, we hypothesized that
FAM83A affects the activity of PI3K/Akt/mTOR signal path in
CC cells. Subsequently, our western blot analysis demonstrated
that FAM83A knockdown lead to significant dephosphorylation
of PI3K, Akt, and mTOR in CaSki cells (Figure 4B).

Loss of miR-206 Expression Induces
FAM83A Overexpression in CC
To identify whether microRNAs (miRNAs) are involved
in regulation of FAM83A in CC cells, we performed a
bioinformatics analysis using the PicTar, miRanda (miRBase),
and TargetScan in order to predict the potential microRNA
regulating FAM83A. The miR-206 was selected to target
FAM83A utilizing these above programs. Correlation analysis of
FAM83A expression and miR-206 revealed that FAM83A has
a significant negative correlation with miR-206 in the TCGA
dataset (Figure 4C). Immunoblot analysis indicated that the
overexpression of miR-206 dramatically decreased FAM83A
protein expression in CaSki cells (Figure 4D). Subsequently,
we constructed luciferase reporters including the putative miR-
206 binding sites, which contain WT or mutated miR-206
binding sites. Experimental data indicated that overexpression
of miR-206 weakened the luciferase activity of the WT
reporter vector without effecting the mutant reporter vector
(Figure 4E). In a word, these above experiments consistently
indicated that loss of miR-206 expression increases the
expression of FAM83A, which promotes cell proliferation via
the PI3K/AKT/mTOR pathway and imposes an additional
posttranscriptional modulation (Figure 4F).

DISCUSSION

In this present study, TCGA RNA sequencing data including
cervical SCC and endocervical adenocarcinoma samples and
paracancer samples and GEO data comprising the GSE9750 and
GSE52903 datasets were analyzed using bioinformatics analysis.
Five genes (KRT17, FXYD3, KRT5, FAM83A, and CLDN4)
were consistently overexpressed and three genes (CDKN2A,
MCM5, and RFC4) were under-expressed in these above
three datasets.

We found that FAM83A is specifically overexpressed in CC
tissue but not in cholangiocarcinoma, kidney chromophobe,
kidney renal clear cell carcinoma, rectal adenocarcinoma, or liver
hepatocellular carcinoma. From TCGA database, we predicted
that FAM83A expression in cancerous tissue and paracancer
tissue in cervical SCC and endometrial adenocarcinoma (CESC)
was significantly different. We did not mention the difference
of FAM83A expression between cervical SCC and endometrial
adenocarcinoma. At this time, we aimed to explore the role of
FAM83A in CC cancer and its prognostic value.

Some studies have investigated the roles of FAM83A in
PI3K/AKT signaling pathways in cancer. Lee et al. reported
that in the breast cancer FAM83A possibly contributes in
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FIGURE 3 | Knockdown of FAM83A expression inhibits cervical cancer cell proliferation in vitro and in vivo. (A) qRT-PCR and western blot analysis were performed to

detect the expression of FAM83A in cervical cancer cell lines, normal human cervical epithelial cells (HCerEpiC), two low metastatic cervical cancer cell lines (HeLa and

SiHa) and one highly metastatic cell line (CaSki). (B) qRT-PCR and immunoblot analysis confirmed that the FAM83A expression levels were significantly knocked down

in CaSki cells. (C) FCM analysis of the effect of FAM83A knockdown on cell cycle distribution. (D) A CCK-8 assay was performed to detect cell proliferation of the

control or siFAM83A-transfected CaSki cells. (E) Knockdown of FAM83A inhibits CaSki cell tumor growth in vivo. (F) Ki67 immunostaining of tumor samples from the

FAM83A knockdown and control CaSki groups. Error bars represent the means of three independent experiments. *P < 0.05, **P < 0.01.

exerting resistance to tyrosine kinase inhibitors via activating
epidermal growth factor receptor (EGFR)/PI3K/AKT signaling
pathway via interacting with c-RAF and phosphatidylinositol
3 kinase p85. These findings indicate that FAM83A
overexpression might result in chemoresistance (33, 34).
Similarly, both in vitro and in vivo models silencing

FAM83A significantly reduces proliferation, anchorage-
independent growth and metastatic capacities of breast
cancer cells.

PI3K/AKT signaling pathway is an intracellular signal
transduction pathway that plays roles in proliferation,
metabolism, cell survival and growth, and angiogenesis in
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FIGURE 4 | miR-206/FAM83A/PI3K/AKT signaling pathway molecules serve as critical effectors in cervical cancer progression. (A) GSEA plot showing that FAM83A

expression was correlated with PI3K/AKT signaling-related gene signatures. (B) Protein levels of PI3K, p-PI3K, AKT, p-AKT, mTOR, and p-mTOR in CaSki cells are

shown, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control. (C) Schematic of binding sites in the FAM83A 3’-UTR

complementary to the “seed region” of miR-206. Correlation analysis of FAM83A expression and miR-206. (D) The overexpression of miR-206 dramatically decreased

the protein expression of FAM83A in CaSki cells. (E) The complementary sequences or the mutant (underlined) binding site of FAM83A or the miR-206 binding site in

the 3’-UTR of FAM83A from different mammalian species. (F) Summary of the mechanism of FAM83A in cervical cancer. Error bars represent the means of three

independent experiments. *P < 0.05, **P < 0.01.

response to extracellular signals. This signaling pathway is
mediated through serine and/or threonine phosphorylation
of different types of downstream compounds, of them PI3K
and AKT are the main proteins. The effects of FAM83A on
PI3K/AKT pathway have been investigated in few cancers
(22, 35–37). Liu et al. analyzed TCGA database and reported
that FAM83A is overexpressed in hepatocellular carcinoma

(HCC) cells and plays a cancer-promoting and treatment-
resistance role. Their functional bioinformatics analyses
indicated that FAM83A promoted the PI3K/AKT signaling
pathway, its downstream c-JUN protein, and epithelial-to-
mesenchymal transition (EMT)-related protein levels, including
downregulation of E-cadherin and upregulation of Vimentin
and N-cadherin. They reported that c-JUN induced FAM83A
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expression through direct binding to its promoter region, which
forms a positive-feedback loop for FAM83A/PI3K/AKT/c-JUN.
Liu et al. concluded that FAM83A serves as a tumorigenesis of
HCC and promotes migration, invasion and metastasis through
triggering a FAM83A/PI3K/AKT/c-JUN positive-feedback
loop (38).

Hu et al. examined the roles and possible mechanism of
FAM83A in non-small cell lung cancer (NSCLC) progression
through bioinformatics analysis of GEO and TCGA databases
and RT-PCR and reported high FAM83A expression in NSCLC
that was associated with the poor prognosis (35). In vitro
model showed that silencing FAM83A by siRNA/shRNA
markedly reduced cell proliferation, induced cell apoptosis,
and inhibited cell motility. In vivo experiments showed
that silencing FAM83A in A549 cells reduced subcutaneous
tumor growth and lung metastasis as well as phosphorylation
of ERK and PI3K/AKT/mTOR (35). Contrary, FAM83A
overexpression promoted cell proliferation and metastasis
invasion in vitro that was suppressed by PI3K inhibitor and
ERK inhibitor respectively. Their findings demonstrated that
FAM83A promotes oncogenesis of NSCLC partly through ERK
and PI3K/AKT/mTOR pathways (35).

Based on the expression level of FAM83A, we divided
the patients into high and low-risk groups based on the
median risk score in the TCGA dataset as a cut-off value,
and the median OS and DFS in the low-risk group was
pronounced higher of the one in the high-risk group. PCR
and IHC results confirmed the expression characteristic of
FAM83A in CC clinical samples. It was seen that the
expression quantity of FAM83A was markedly correlated with
histopathological type and lymph node status. Furthermore,
our results demonstrated that silencing FAM83A markedly
inhibited CC cell proliferation both in in-vitro as well as
in-vivo experiments, meanwhile induced cell cycle arrest in
vitro. FAM83A is a probable protooncogene that regulates the
EGF/EGFR signaling pathway (39, 40) and seems vital for
activating RAS/MAPK signaling cascade under the stimulation
of EGFR. This gene also activates signaling cascades independent
of EGFR regulation.

We performed a GSEA analysis on the cervical SCC
samples of the TCGA database and found a regulatory
relationship between FAM83A and PI3K/AKT pathway. The
experiments demonstrated that FAM83A alters the activity of
PI3K/Akt/mTOR signaling in CC.

MiRNAs have attracted considerable and wide attention in
the regulation of gene expression because of their important
status in cellular differentiation and embryonic stem cell growth.
We performed a bioinformatics analysis using three different
types of prediction software including PicTar, TargetScan,
and miRanda (miRBase). We found that miR-206 directly
suppresses FAM83A expression in CC. Subsequently, our
western blot analysis and luciferase reporter assay consistently
indicated that loss of miR-206 expression upregulated the
expression of FAM83A. One interesting question is that
overexpression of FAM83A or inhibition of miR-206 in cell
lines such as HCerEpiC is enough to drive the cancer

progression? And how do PI3K or AKT inhibitors influence
such effects? We hypothesized that overexpression of FAM83A
or miR206 in normal HCerEpiC might affect normal cell
physiological function, which may be a driver for malignant
transformation of normal cells. If extrapolated from our
results, the addition of PI3K or AKT inhibitors may partially
reverse the previously assumed effect. However, conducting
further well-designed studies investigating such hypotheses
is recommended.

CONCLUSION

In conclusion, our current experimental research reveal that
molecules involved in the miR-206/FAM83A/PI3K/AKT
signaling pathway serve as critical effectors in CC progression,
meanwhile, FAM83A, as a potential protooncogene is closely
related to the survival and prognosis of CC, may serve as
potential therapeutic targets in CC.
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Background and Objective: Ozone therapy has shown therapeutic efficacy in different

disorders particularly low back pain (LBP). However, ozone therapy has been associated

with toxic effects on the respiratory, endocrine, cardiovascular systems as well as nervous

system because of its strong oxidizing capacity. Recent studies have reported possible

associations between ozone exposure and metabolic disorders, but the findings are

controversial and little is known on the mechanisms of action. This study aims to

investigate the cytotoxic effects of ozone exposure and possible mechanism of action in

the animal model.

Methods: Wistar neonate rats with the age of 24 h after birth were sacrificed by cervical

dislocation under general anesthesia, then immersed in 75% alcohol and iodophor for

5min, respectively. The spinal cord was isolated and cut to samples of ∼1 mm3 and

prepared for further experiments. The spinal cord neurons (SCNs) were exposed to ozone

at different concentrations and then cultured in 96-well plates with glass bottom for 7

days. The cell viability, ATP levels and the NAD+ concentration were determined and

compared between the different experimental groups and the control group.

Results: Analyses of the data by non-targeted liquid chromatography-mass

spectrometry (LC-MS) analysis determined the metabolic disorder in SCNs following

the ozone exposure. Moreover, our assessments showed that ozone exposure

resulted in DNA damage, poly (ADP)-ribose polymerase-1 (PARP1) excessive activation,

nicotinamide adenine dinucleotide (NAD+) depletion and decrease of ATP level in SCNs.

The PARP1 inhibitor can inhibit the cytotoxic effect of ozone to SCNs without inhibiting

the activation of AMP-activated protein kinase (AMPK). Our findings revealed that the

cytotoxic effects of ozone to SCNs might be mediated by excessive PARP1 activation

and subsequent NAD+ depletion. Moreover, using PARP1 inhibitor can protect SCNs

from cytotoxic effects of ozone by preventing NAD+ depletion during ozone exposure.

Conclusion: Ozone exposure seems to induce metabolic disorders and NAD+

depletion through excessive PARP1 activation in SCNs.

Keywords: ozone, metabolomics, nicotinamide adenine dinucleotide, ATP level, spinal cord neurons
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INTRODUCTION

Ozone is an inorganic molecule and allotrope of oxygen
with strong oxidizing capacity. It is a highly reactive agent
consisting of three oxygen atoms bonded in a V-like shape
(1). It occurs both naturally in the atmosphere and as a man-
made product by industrial activities (1, 2). Ozone is the major
photochemical constitute of polluted air, which induces a dose-
dependent oxidative stress in tissues due to its strong capacity
to produce free radicals from different interactions including
protein oxidation, enzymatic inactivation, lipoperoxidation of
cell membranes, DNA destruction, and cell apoptosis (1, 3,
4). Despite of these interactions, ozone has been widely used
for different musculoskeletal disorders (5–7). During the last
decade, ozone therapy alone or in combination with other
modalities, has been extensively used in clinical practice for
treatment of herniated discs, low back pain (LBP) and other
chronic pains (4–8). Further translational and clinical trials
have shown the therapeutic efficacy and safety of ozone for
other disorders including degenerative disorders, vascular and
immune diseases (4, 9–12). The main administrations routes
of ozone in the ozone therapy are percutaneous, intradiscal,
and intramuscular routes. Current evidence shows the potential
therapeutic efficacy of ozone therapy in herniated discs and
for pain management in LBP (4, 6, 13, 14). However, ozone
therapy has been associated with toxic effects on the respiratory,
endocrine, cardiovascular systems as well as nervous system
because of its strong oxidizing property and inducing systemic
inflammation (12, 15–19). Ginanneschi et al. reported that
transcutaneous intradiscal injection of ozone for L4–L5 disk
herniation resulted in ventral and dorsal root injury (20).
In this regard, some studies have investigated the effects
and mechanisms of action of ozone exposure on metabolic
disorders and reported the associations between ozone exposure
and metabolic disorders (11, 18). Although many studies
have been conducted on the cytotoxic effects of ozone, the
underlying signaling pathways and molecular mechanisms
of susceptibility and the disorder are not fully understood.
However, evidence from human and animal studies suggests that
ozone-induced neuroinflammation, oxidative stress, microglial
activation, cerebrovascular dysfunction, and alterations in the
blood-brain barrier are the main mechanisms of ozone induced
cytotoxicity in central nervous system (11). Defining the
cytotoxicity and mechanisms of action of ozone exposure
particularly in spinal cord neurons (SCNs) is necessary to
develop efficient ozone therapy as well as new protective
strategies for individuals at risk. In this regard, a better
understanding of the mediators and involved signaling pathways
is of prime importance.

The nuclear enzyme poly(ADP)-ribose polymerase-1
(PARP1) is the primary subtype of a protein family, which

Abbreviations: LBP, Low back pain; SCNs, spinal cord neurons; LC-MS, liquid
chromatography-mass spectrometry; PARP1, poly (ADP)-ribose polymerase-
1; NAD+, nicotinamide adenine dinucleotide; AMPK, AMP-activated protein
kinase; TCA, tricarboxylic acid cycle; PMSF, phenylmethylsulfonyl fluoride; DAPI,
4′,6-diamidino-2-phenylindole; RT, retention time; LKB1, liver kinase B1.

contains polyadenosine diphosphate ribose and polymerase
activity (21). PARP1 is a key moderator for cell death in oxidative
stress, ischemia, and excitotoxicity (21, 22). PARP1 utilizes
oxidized nicotinamide adenine dinucleotide (NAD+) as a
substrate to catalyze the covalent attachment of ADP-ribose
units onto various target proteins, such as aspartate, glutamate,
lysine, tyrosine, and serine. Moreover, PARP1 catalyzes the
addition of NAD+ of poly (ADP)-ribose (PAR) onto itself in
response to oxidative DNA damage (21).

Recently, researchers have employedmetabolomics analysis to
investigate the roles and molecular pathways involved in cellular
metabolism disorders under oxidative stress (23, 24). Oxidized
NAD (NAD+) and reduced NAD (NADH) as metabolic
cofactors play vital role in cellular energy metabolism and are
also involved in calcium homeostasis, mitochondrial function,
oxidative stress, gene expression, aging and apoptosis (25–27).
DNA damage-induced PARP activation leads to depletion of
NAD+ which subsequently impedes cellular energy metabolism.
Moreover, PARP1 activation could hinder hexokinase (HK),
which is a crucial enzyme in the glycolysis pathway through
PARylation process and subsequently leading to ATP deprivation
and cell death called id parthanatos (28–31).

The signaling pathways involved in the neuronal death
induced by PARP1 activation are not yet fully determined.
Different studies have been conducted on this regard (29, 32–34).

Enrichment analysis revealed NAD+-related metabolic
disorders induced by excessive activation of PARP1 after DNA
damage (35). Activating PARP1 would lead to cytosolic NAD+
depletion and mitochondrial release of apoptosis-inducing
factor (AIF), and different studies have investigated the causal
relationships between PARP1 activation and NAD+ depletion.
Strong evidence shows that NAD+ depletion is a causal process
in PARP1-mediated cell death so that NAD+ depletion and
glycolytic failure result in mitochondrial AIF release (36).

Conrad et al. showed that NAD+ depletion is necessary
and sufficient for PARP1-mediated neuronal death (36). They
used extracellular NAD+ to restore neuronal NAD+ levels
after PARP1 activation. Exogenous NAD+ used P2X (6) -gated
channels to enter neurons to restore cytosolic NAD+ that
subsequently inhibited excess PARP1 activation and prevented
the AIF translocation, glycolytic inhibition, mitochondrial
failure, and neuron death. They used metabolic substrates, such
as pyruvate, hydroxybutyrate, or acetoacetate to circumvent the
glycolytic inhibition and then prevented mitochondrial failure
and neuron death. Other finding of this group was that using
NAD+ glycohydrolase to deplete intracellular cytosolic NAD+
lead to blockage of the glycolysis inhibition, AIF translocation,
mitochondrial depolarization, and neuron death, and the process
was independent of PARP1 activation (36).

NAD+ is an important coenzyme in redox reaction of cells
and plays significant roles in the process of cell tricarboxylic
acid cycle (TCA), fat β oxidation, glucose metabolism, and
amino acid metabolism (37). Recent studies have confirmed that
excessive PARP1 activation could promote NAD+ depletion,
which could affect cell energy metabolism and reduce ATP levels
leading to cell necrosis (22). Some studies have investigated the
causal relationship of PARP activation and subsequent NAD+
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depletion and cell death and demonstrated direct evidence on
causal relationship between PARP activation, NAD+ depletion,
and cell death (38–41). However, later studies have demonstrated
that excessive PARP activation and NAD+ depletion is not the
only pathway to cell death. Heller et al. used islet cells from mice
with a disrupted and inactivated PARP gene (PARP−/− mice) to
investigate the effects of DNA-damaging radicals and relationship
between PARP activation, NAD+ depletion, and cell death. They
reported that mutant islet cells showed more resistant to the
toxicity of DNA-damaging radicals and did not show NAD+
depletion after exposure to the DNA-damaging radicals (41).
This finding indicates that most of NAD+ depletion following
the exposure to oxidative factors is due to PARP activation.
They also reported that 3-aminobenzamide, an ADP-ribosylation
inhibitor, partially protected islet cells with intact PARP gene
but not PARP−/− cells from lysis following nitride oxide or
ROI treatment. This finding confirms that the protective action
of 3-aminobenzamide is only due to PARP inhibition. They
also observed that the mutant cells underwent an alternative
pathway of cell death that did not require PARP activation and
NAD+ depletion. They confirmed the causal relationship of
PARP activation and subsequent islet cell death and concluded
there is an alternative pathway of cell death independent
of PARP activation and NAD+ depletion (41). Few studies
have reported that pulmonary fibroblasts from the PARP−/−

mice are protected against peroxynitrite-induced cell injury,
in comparison to the fibroblasts of the corresponding wild-
type animals (42). Furthermore, Eliasson et al. demonstrated
that neural cells of PARP−/− mice show significant protection
against different oxidants inducing glutamate-mediated ischemic
injuries indicating the involvement of PARP activation in
neuronal damage following focal cerebral ischemia (43). The
resistance of inactivated PARP gene to different oxidative factors
has been reported in different diseases including diabetes. For
instance, Burkart et al. showed PARP−/− mice are completely
resistant to the development of diabetes induced by the beta-cell
toxin streptozocin (44). The findings of the previous studies have
suggested that PARP1 inhibitors might have protective effects
against oxidative stress-induced cell necrosis.

This study aimed to investigate the effects and possible
mechanisms of action of ozone on SCNs metabolism using
metabolomics analysis. The findings show that NAD+ depletion
is caused by excessive activation of PARP1. Moreover, we found
that ozone-induced DNA damage could be one of the main
causes of ozone-induced metabolic disorders of SCNs. Using
PARP1 inhibitors can prevent NAD+ depletion and promote cell
viability during ozone exposure.

MATERIALS AND METHODS

Animals and Reagents
The Wistar neonate rats used in this experiment were obtained
from the Experimental Animal Center of Shandong University,
Shandong, China. The 24-h born Wistar neonate rats were
selected for the experiments and treated according to regulations
of the National Institutes of Health and all the experimental
procedures of this study were approved by the Animal Protection

and Use Committee of School of Medicine of Shandong
University, Jinan, Shandong, China. During the experiment,
efforts were made to reduce the pain caused by the operation.

The cultivating materials including neurobasal medium,
DMEM/F12, medium B27 supplement, fetal bovine serum, and
trypsin were purchased from Gibco BRL, Life Technologies
(Scotland, UK). The agents for laboratory assessments including
Poly-L-lysine, L-glutamine, penicillin, streptomycin, ABT-
888, cytarabine, protease inhibitors, phenylmethylsulfonyl
fluoride (PMSF) were purchased from Beyotime, Beyotime
Biotechnology (China).

Isolation and Cultivation of SCNs
The extraction and isolation and cultivation of SCNs from
neonatal rats were performed as per the method described
previously with slight modifications (45). Briefly, the 24-h
newborn rats were obtained and sacrificed by cervical dislocation
under general anesthesia, then immersed in 75% alcohol and
iodophor for 5min, respectively. The spinal cord tissue was
isolated and cut into small pieces of ∼1 × 1 mm3. The micro-
slices were then blocked for digestion through moving into
digestion medium containing 1ml 0.25% trypsin in 37◦C for
10–30min. Fifty microliter of fetal bovine serum was used
to terminate digestion. The cells were separated from tissues
carefully and then centrifuged at 1,000 rpm for 5min. The
supernatant was taken and the sediment was re-suspended in
DMEM/F12 medium containing 10% fetal bovine serum and
penicillin and streptomycin with the final concentration of 100
U/ml and 0.1 mg/ml, respectively. Then, the cell density was
adjusted to 5 × 105 /ml. The cells were inoculated into a 6-well
culture plate coated with 0.1 g/L of Poly-L-lysine and cultured in
an incubator containing 5% carbon dioxide at 37◦C. Six hours
later, the whole amount of medium was replaced with neuron-
specific culture medium (containing 2 mmol/L L-glutamine, 2%
B27 additive, final concentration of 100 U/ml and 0.1 mg/ml
penicillin and streptomycin, respectively). After the medium was
changed for 24 h, the solution was changed in half once every 2
days, and cytarabine with the final concentration of 0.05 mg/ml
was added on the third day to inhibit the growth of glial cells.
The cells could be used for subsequent experiment 6–8 days
after plating.

Immunofluorescence Identification
The isolated SCNs were cultured in 96-well plates with glass
bottom for 7 days. The medium was absorbed completely. The
cells were fixed with paraformaldehyde for 15min, permeabilized
for 5min at the room temperature with 0.5% Triton X-100,
and blocked with goat serum at room temperature for 1 h. The
cells were incubated with anti-NF200 (Boster, BM0100, 1:100)
overnight at 4◦C. On the second day, the cells were incubated
with the secondary antibody (Beyotime, A0216, 1:400) at room
temperature for 1 h. The 4

′

,6-diamidino-2-phenylindole (DAPI)
counterstain was used to show the chondrocyte nuclei. The
stained SCNs were observed under a fluorescence microscope.
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Ozone Exposure and Drug Treatment
The SCNs were exposed to ozone with different concentrations
in a computer-controlled external exposure chamber, and the
ozone concentration was monitored with an ozone analyzer
(model 400A, Advanced Pollution Instrumentation, San Diego,
CA), implemented in the exposed chamber, and connected to a
computer for monitoring and adjustment. After ozone treatment,
subsequent experiments were performed after washing the
samples with PBS for three times. The final concentration of
ABT-888 was 10 um. The SCNs were treated with diluted ABT-
888 2 h before ozone exposure.

Cell Viability Assessment
Cell viability was detected by using a Cell Counting Kit-8
(CCK-8) (Beyotime Biotechnology, China). The assessment was
performed according to the instructions of the manufacturer.
Briefly, the cell density was adjusted to 2 × 105 and the cell
suspension was inoculated in a 96-well plate (100 µl/well). The
plate was pre-incubated in a humidified incubator (at 37◦C, 5%
CO2) and ABT-888 was added to the wells, then the plate was
exposed to ozone after 2 h. Then, 1 h later, 10 µl of the CCK-8
solution was added to each well of the plate slowly. The plate was
incubated for 4 h in the incubator. Finally, the absorbance of the
sample was measured at 450 nm using a microplate reader. The
cell survival rate was normalized to the untreated control group.

Measurement of ATP Level
ATP levels were detected by using an ATP assay kit (Beyotime
Biotechnology, China). According to the instructions provided
by the manufacturer, the cells were first lysed by lysis buffer,
which was then centrifuged at 12,000 rpm for 5min at 4◦C,
and the supernatant was then collected for further assessments.
The protein concentration was determined using a BCA kit
(Beyotime Biotechnology, China), and then 100 µl of ATP
detection working solution was added to the 96-well plate, which
was placed at room temperature for 5min. Then, 100 µl sample
or standard solution was added to each well. The RLU value was
determined by a chemiluminometer, and the ATP concentration
was determined to refer to the RLU standard curve determined
by the standard in the kit. Finally, the ATP level was calculated as
per the following Equation (1):

ATP level = ATP concentration/ total protein concentration (1)

LC-MS Analysis
LC-MS is the most widely used metabolomics analysis thanks
to its adaptable components including the ionization technique,
stationary, and mobile phases (46, 47). The SCNs were collected
into a centrifuge tube and centrifuged at 3,500 rpm for 10min.
The cells were re-suspended by adding 0.5ml ultrapure water.
Then 0.5ml of low-temperature methanol (−20◦C pre-cooled
for 6 h) was added and centrifuged at 3,500 rpm for 10min
at 4◦C. The supernatant was absorbed and the sample was
placed into a 1.5ml EP tube to be stored at −80◦C. Before the
test, the sample was carefully thawed on ice. Then, 10 µL of
internal standard (2.8 mg/mL, chlorophenylalanine) was added
to the sample, which was ultrasonically extracted at 4◦C for

30min, silenced at −20◦C for 1 h, centrifuged at 12,000 rpm
for 15min at 4◦C, and transferred into the injection vial for
testing after 200 µL of the supernatant was removed. Analysis
platform was as follows: LC-MS (Thermo, Ultimate 3000LC, Q
Exactive). Column: Hyper gold C18 (100× 2.1mm 1.9µm). The
chromatographic separation condition was as follows: Column
temperature: 40◦C; Flow rate: 0.3 mL/min; Mobile phase A:
water + 5% acetonitrile + 0.1% formic acid; Mobile phase
B: acetonitrile + 0.1% formic acid; Injection volume: 10 µL;
Automatic injector temperature: 4◦C. ESI+: Heater Temp 300◦C;
Sheath Gas Flow rate, 45 arb; Aux Gas Flow Rate, 15 arb; Sweep
Gas Flow Rate, 1 arb; spray voltage, 3.0 KV; Capillary Temp,
350◦C; S-Lens RF Level, 30%. ESI–: Heater Temp 300◦C, Sheath
Gas Flow rate, 45 arb; Aux Gas Flow Rate, 15 arb; Sweep Gas
Flow Rate, 1 arb; spray voltage, 3.2 KV; Capillary Temp,350◦C;
S-Lens RF.

Western Blot Assessment
The SCNs were lysed with a cell lysate containing PMSF and
phosphatase inhibitors. The cell lysates were collected and
centrifuged at 14,000 rpm for 5min. The supernatants were
taken and the protein concentration was determined using a
BCA kit (Beyotime Biotechnology, China). The protein sample
was boiled for 10min before loading, and then electrophoresed
using 10% SDS gel, transferred to a PVDF membrane, blocked
with 5% skim milk at room temperature for 1 h, and then
the membranes were incubated overnight at 4◦C with anti-
PARP1(Abcam, ab151794, 1:1,000 dilution), anti-PAR(CST,
#83732, 1:1,000 dilution), anti-γH2AX(CST, #2577, 1:1,000
dilution), anti-GAPDH(CST, #5174, 1:1,000 dilution), anti-p-
AMPK (CST, #2535, 1:1,000 dilution), and anti-AMPK (CST,
#2532, 1:1000 dilution) primary antibodies in dilution buffer.
The cells were incubated with the horseradish peroxidase (HRP)-
conjugated anti-rabbit IgG (Beyotime Biotechnology, A0216,
1:1,000 dilution). The membranes were developed using the
enhanced chemiluminescence substrate LumiGLO (Millipore,
Bedford, MA, USA).

NAD Assay
The NAD+ concentration was determined by using the
NAD/NADH Assay Kit (Abcam, ab65348) according to the
instructions of the manufacturer. This assessment was performed
as follows. The cells were collected by cell scraping, washed
with pre-cooled PBS three times, lysed with the extracted buffer
solution and centrifuged with the centrifugal machine at 12,000
rpm for 5min at 4◦C. The supernatant was collected. First, the
protein concentration was determined using a BCA kit (Beyotime
Biotechnology, China), and then samples were heated at 60◦C
for 30min so that NAD+ in the sample could decompose
completely. Then, 50 µl of both samples were taken and mixed
with 100 µl Reaction Mix and placed at room temperature for
5min. Then, 10 µl of NADH Developer was added to each
well and placed at room temperature for 2 h. The OD450 was
measured with a multi-functional microplate reader.
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Statistical Analysis
All data were expressed as Mean ± Standard Deviation (SD).
The data were sorted and checked and then the data matrix
was imported into SIMCA-P 13.0 (Umetrics AB, Umea, Sweden)
software for multivariate statistical analysis. Statistical package
for social sciences (SPSS) (Version 20, Windows, IBM Statistics,
Chicago, IL, USA) was used for data analyses. Differences among
the groups were compared by one-way analysis of variance
(ANOVA), then followed by Tukey multiple comparison test
or Bonferroni test for pairwise comparison. Differences were
considered to be significant at p < 0.05. In all experiments, the
assessments were repeated at least three times in an independent
protocol and the average values were calculated and considered
for further analysis. The LC-MS test data were extracted
and preprocessed using the Compound Discoverer software
(ThermoFisher Scientific, USA), which was finally compiled
into two-dimensional data matrix format, including Retention
time (RT), molecular weight (CompMW), observation volume,
number of substances to be extracted, and peak intensity.

RESULTS

Morphological Observation and
Identification of Cultured SCNs
Cells were observed by inverted phase-contrast microscopy 4 h
after seeding in 6-well culture plates. It was observed that most
of the cells were attached to the wall of the culture plate. The
cells were round and transparent, with good refractive index and
stereoscopic effect. A part of the nuclei can be clearly observed.
Moreover, 24 h after the seeding, a large number of cells were
found to have protrusions, the length of which accounted for
about 1/2 of the cell. Forty eight hours after the seeding, the
number of protruding cells increased, accounting for about 1/3
of the total number of cells, and the length of the protrusion
increased. Ninety six hours after the seeding, more cell debris
was observed under the microscope, which was caused by the
addition of cytarabine inhibiting the glial cells on the third day
of culture. On the 7th day of culture, the cells were aggregated
slightly, and the cell protrusions grew obviously. The neurons
and their protrusions were connected and formed a network. On
the 7th day of culture, immunofluorescence staining with an anti-
NF200 monoclonal antibody was performed. The results showed
that more than 90% of cells show positive expression of NF-200
(Figures 1A,B).

Ozone Exposure and SCNs Viability
In the majority of the ozone therapy for LBP, the common
concentration of the ozone is 30µg/ml, and some studies have
tried to use a concentration of 40µg/ml or even higher (4,
6, 7, 14, 48, 49). Therefore, when observing the influence of
ozone on the viability of SCNs, 10, 20, 30, 40, 50, and 60µg/ml
ozone were applied. The results showed that the cell viability of
the SCNs decreased with the increase in ozone concentration.
The cell viability of 10, 20, 30µg/ml ozone treatment groups
were not significantly different from the control group, while
the viability of SCNs in the 40, 50, 60µg/ml ozone treatment
groups were significantly lower than the control group. The

FIGURE 1 | Immunofluorescence identification of SCNs. (A) Cell nuclei are

identified with DAPI. (B) SCNs are stained with the anti-NF200 monoclonal

antibody. More than 90% of the cultured cells show positive expression of

NF200 on the day 7 of ex vivo culture. The number of NF200-positive neurons

are counted per area and expressed as percentage of total number of cells

(Scale bar: 40µm).

viability of SCNs in the 40µg/ml ozone treatment group was
71.91%, and the cell viability in 50 and 60µg/ml ozone treatment
groups was 49.97 and 30.43%, respectively (Figure 2A). Since 50
and 60µg/ml concentrations are not recommended in the most
clinical applications, 30 and 40µg/ml concentrations were used
for further subsequent experiments.

Ozone Exposure and ATP Level of SCNs
Previous studies have found that ozone exposure can reduce
intracellular ATP level (50–52). Therefore, the influences of 30
and 40µg/ml concentrations on the energy metabolism index
(ATP level) of SCNs were studied first. Our results showed that
the groups received 30 and 40µg/ml doses of ozone, 15min after
the exposure the intracellular ATP level significantly decreased
compared with the control group. After that, the ATP level of
30µg/ml ozone exposure group recovered gradually, whereas the
40µg/ml ozone exposure group showed further rapid decline
in the ATP level. After 60min, the 40µg/ml ozone exposure
decreased the ATP level of SCNs compared with the control and
30µg/ml ozone exposure groups (Figure 2B).

Ozone Exposure and Metabolic Disorder of
SCNs
To explore specific influences of ozone on the metabolism
of SCNs, non-targeted LC-MS metabolomics technique was
employed in this study. The SCNs of 40µg/ml ozone exposure
group and the control group were analyzed by non-targeted
LC-MS technique to obtain ion chromatogram in Electrospray
ionization (ESI) (±) mode, and the LC-MS data were extracted
and pre-processed with Compound Discoverer software to
obtain a data matrix consisting of information, such as
retention time, accurate molecular weight and peak intensity,
including a total of 2,268 (ESI+) and 2,210 (ESI–) features.
Unsupervised PCA analysis results showed that PC1 in positive
mode contained 46.0% cumulative variance, followed by PC2
13.9%, while PC1 in negative mode, contained 43.6% cumulative
variance, followed by PC2 15.3% (Figures 3A,B). Abundance
metabolites with significant differences between the 40µg/ml
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FIGURE 2 | Ozone decreases the viability and ATP levels of SCNs. (A) SCNs are exposed by ozone at 10, 20, 30, 40, 50, 60µg/ml concentrations for 1 h, and cell

viability was measured by CCK-8 assay. (B) The ATP levels of SCNs are determined by ATP assay kit after 30 and 40µg/ml ozone exposure for 10–60min. Data are

presented as Mean ± SD of three independent experiments. **P < 0.01, compared with the control.

FIGURE 3 | Metabolomics profiling analyses for 40µg/ml ozone group vs. control group. (A) Score plots of the principal component (PC) distinguishing 40µg/ml

ozone group (n = 6) from control group (n = 6) based on their metabolomics pattern with PC-1 (46.0%) and PC-2 (13.9%) in ESI+ mode. (B) Score plots of the PC

distinguishing 40µg/ml ozone group from control group based on their metabolomics pattern with PC-1 (43.6%) and PC-2 (15.3%) in ESI- mode. (C,D) Volcano plot

demonstrates metabolite changes in ESI (±) mode. Fold change (FC) on the x-axis and FDR-adjusted P-values on the y-axis. Black vertical and horizontal lines show

the filtering criteria (FC = 1.0 and FDR corrected P-value <0.05).

ozone exposure group and the control group were determined
through the volcano plot (Figures 3C,D). Then, different
substances between different groups were clustered and analyzed

and the thermograms were used to reflect relative changes of
23 important metabolic molecules. The most affected pathways
were related to fatty acid, tricarboxylic acid cycle, purine
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metabolism, niacin and nicotinamide metabolism, amino acid,
lipid metabolism, and riboflavin metabolism pathway (Figure 4).
In these differentially expressed metabolites, it was observed
that after exposure to 40µg/ml ozone for 1 h, the levels of
ADP and AMP in the SCNs increased (Figure 4). Moreover, our
study showed that the level of ATP in the SCN cells decreased
after ozone exposure. Generally, the ratio of ATP/ADP and
ATP/AMP in cells could reflect the energy metabolism of cells.
Decrease in the ratio indicated the abnormal energy metabolism
of SCNs after ozone exposure (53). The intracellular synthesis
pathway of NAD+ mainly includes de novo production and
salvage pathways (54). Niacinamide is a precursor molecule
of NAD+ salvage synthesis, whose level decreased after ozone
exposure, which indicated that the intracellular NAD+ salvage
synthesis pathway was activated (Figure 4). Moreover, levels
of aconitine and UDP-glucose were elevated, indicating the
utilization of cellular glucose and TCA circulatory disorders
(Figure 4). Meanwhile, a series of abnormal changes of pathways
including fatty acid metabolism, amino acid metabolism, and
lipid metabolism reflected the abnormal metabolism of SCNs
under 40µg/ml ozone exposure (Figure 4). It is worth noting
that the decrease of NAM levels and ATP/AMP, ATP/ADP
ratios suggests that intracellular NAD+ is consumed excessively,
resulting in metabolic disorder.

Ozone and DNA Damage, PAPR1
Excessive Activation, and NAD+ Depletion
Studies have reported that excessive activation of PARP1 by
cellular DNA damage under oxidative stress can lead to NAD+
depletion and a decrease in ATP levels. Strong evidence confirms
that ozone can cause DNA damage (51, 55–57). Therefore,
γH2AX, PARP1, PAR, NAD+, and ATP levels are measured to
evaluate the toxic effects of 30 and 40µg/ml ozone on SCNs.
The results demonstrated that the levels of DNA damage marker
protein in the 30µg/ml ozone group showed no significant
difference with the control group and similarly there was no
significant difference between PARP1 levels and PAR levels,
compared with the control group (Figures 5A–D). However,
the levels of γH2AX in the 40µg/ml ozone group increased
significantly compared with the control group, indicating the
presence of a DNA damage in the SCNs (Figures 5A,D). There
was no significant difference between PARP1 and the control
group, and the PAR levels increased significantly compared
with the control group, indicating that PARP1 was excessively
activated (Figures 5A–C). As it was expected, the intracellular
NAD+ and ATP levels in 40µg/ml ozone group decreased
significantly compared with the control group (Figures 5E,F).
These results demonstrate that 40µg/ml ozone could deplete the
NAD+ in SCNs, accompanying PARP1 excessive activation and
DNA damage.

PARP1 Inhibitors and SCNs Protection
Against Ozone Exposure and NAD+

Depletion
Many studies have revealed that PARP1 inhibitors could protect
cells by preventing NAD+ excessive consumption (22, 58). In

this study, we observed the mechanism of ABT-888 alleviating
the toxicity of ozone to SCNs. The results showed that after
application of ABT-888, the PAR levels of SCNs under 30
and 40µg/ml ozone exposure conditions showed no significant
difference with the control group (Figures 5A–C). Moreover,
there was no significant decrease in NAD+ and ATP levels of 30
and 40µg/ml ozone groups, compared with the control group
(Figures 5E,F). The viability of SCNs was significantly higher
than that of the non-inhibitor intervention groups after 40 and
50µg/ml ozone exposure, indicating that PARP1 inhibitors could
avoid NAD+ depletion by preventing PARP1 excessive activation
and exert neuron-protective effects under the ozone exposure
conditions (Figure 6C).

DISCUSSION

This study investigated the cytotoxic effects of ozone exposure
on SCNs through determining the induction of the metabolic
disorder and the possible involved signaling pathways in
these neurons. The metabolic disorder in SCNs induced by
ozone exposure was demonstrated by non-targeted LC-MS
analysis. Moreover, our findings showed that NAD+ depletion
caused by excessive PARP1 activation could serve as the main
cause of abnormal cellular metabolism. We also found that
PARP1 inhibitors could protect SCNs from ozone exposure
through avoiding energy metabolism disorders caused by
NAD+ depletion.

Currently, ozone therapy is widely used to treat lumbar disc
herniation, soft tissue pain and arthritis in different countries
including Germany, Italy, Spain, and China (3). In 2004, Muto
et al. conducted a clinical retrospective study on 2,200 patients
treated with intervertebral ozone injection. The results showed
that the positive rate of treatment of patients with single-
segment disc herniation, extensive disc degeneration, and the
calcified intervertebral disc was 64, 40, and 25%, respectively
(59). In 2012, Francisco et al. conducted a statistical analysis of
four previous clinical random cohort studies and eight clinical
retrospective observations on ozone treatment of LBP, among
which evidence levels for the study of the intervertebral disc and
paravertebral ozone injection were II-1 and II-3. The grading of
recommendation was 1C for intradiscal ozone therapy and 1B
for paravertebral ozone therapy (13). The findings showed that
ozone is effective in treating LBP. However, due to the powerful
oxidative property of ozone, irregular treatment may injure the
nerves and the surrounding tissues. Some cases have reported
that ozone treatment of lumbar disc herniation can cause injury
to the ventral and dorsal root ganglia (20). However, there are
still fewer studies on the effects of ozone on SCNs. Therefore, it
is necessary to study thoroughly the influences of ozone exposure
on SCNs.

Previous studies have found that ozone exposure can
reduce intracellular ATP levels (51). Therefore, in this study,
the influences of ozone on the ATP level of SCNs at
concentrations of 30 and 40µg/ml were measured first, and it
was found that the intracellular ATP concentration recovered
rapidly after a short decline at the concentration of 30µg/ml.
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FIGURE 4 | Heat maps shows a comparison between 40µg/ml ozone group and control group using normalized intensities of 23 significant metabolites. Two distinct

clusters are identified. Orange and blue, respectively indicate increased and decreased expression compared with control groups.

Nevertheless, the intracellular ATP levels in 40µg/ml ozone
group declined continuously.

Subsequently, non-targeted LC-MS analysis was employed to
analyze further specific changes of intracellular metabolism of
SCNs after 40µg/ml ozone exposure. The results showed that
the expressions of metabolic molecules, such as ADP, AMP,
aconitic acid, and UDP-glucose increased, while the molecular
expressions of NAM, L-glutamine, and riboflavin were down-
regulated. Furthermore, all differentially expressed metabolic
molecules included mainly fatty acid, tricarboxylic acid cycle,
purine metabolism, niacin and nicotinamide metabolism, amino
acid, lipid metabolism, and riboflavin metabolism pathways.
First, it can be clarified that the intracellular ATP/ADP and
ATP/AMP ratios can reflect the energy metabolism conditions,
because as the most basic energy metabolism-related molecule
in cells, decrease of its ratio indicates the energy metabolism
of SCNs after ozone exposure is disordered (60, 61). NAD+
is an essential coenzyme for redox reaction in cells which

actively participates in many physiological reactions, such as
TCA, fat beta-oxidation. Therefore, it is of great significance
in the metabolic utilization of nutrients, such as sugar, fat and
amino acids. As the most important hydrogen donor in the
electron transport chain, NAD+ participates in the production
of ATP (62). Furthermore, NAD+-related metabolites, such
as coenzyme II [NADP (H)], NAM, and ADP ribose played
important roles in human cell energy metabolism, oxidative
stress regulation and signaling pathway transmission (37). The
synthesis pathways of NAD+ in cells mainly include the salvage
synthesis pathway using NAM and the de novo synthesis
pathway using tryptophan. The results of metabolomics analysis
demonstrated that NAM levels reduced significantly after ozone
exposure, indicating the over-consumption of NAM by salvage
pathways of NAD+. Moreover, elevated levels of aconitine and
UDP-glucose suggested disorders of cellular TCA cycle and
glucose utilization (63). Our study has validated further that
ozone could cause a series of differential expressions of metabolic
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FIGURE 5 | Ozone causes DNA damage, PAPR-1 excessive activation, NAD+ depletion and decline of ATP levels of SCNs. ABT-888 inhibits the NAD+ and ATP

declines by inhibiting PARP1 excessive activation. (A–D) SCNs are treated with ozone (30 and 40µg/ml for 60min) in the absence or presence of ABT-888. The levels

of PARP1, PAR, and γH2AX are measured and quantified by western blot. (E,F) Ozone exposure decreases the levels of NAD+ and ATP, which are prevented by

ABT-888 pretreatment. Data are expressed as Mean ± SD of three independent experiments. *P < 0.05, **P < 0.01, compared with the control without ABT-888

pretreatment; ##P < 0.01, compared with control with 40µg/ml ozone without ABT-888.

molecules in SCNs, and suggested that the metabolic disorders
were associated with excessive consumption of NAD+.

Studies have found that ozone exposure can cause DNA
damage in cells and a significant decrease in ATP levels and lead
to a reduced Sirtuin3 expression (51). Cheng et al. found that
single-cell gel electrophoresis and elevated levels of 8-oxoguanine
suggested that ozone exposure induced an increase in DNA

single-strand breaks in A549 cells (55). NAD+ is an energy-
sensitive metabolic molecule, and the only substrate for the
coenzyme I depleting enzymes (PARP, CD38, CD157, SIRT1-
SIRT7) and its excessive depletion leads to impaired intracellular
energy metabolism (64). However, under oxidative stress, DNA
single-strand break in the cells activates PARP1, which leads to
depletion of a large amount of NAD+ to repair the damaged
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FIGURE 6 | ABT-888 prevents the declines in viability and ATP level of SCNs after 40µg/ml ozone exposure. (A,B) 40µg/ml ozone exposure activates AMPK of

SCNs in the absence or presence of ABT-888. (C) ABT-888 improves the viability of SCNs with 40 and 50µg/ml ozone exposure. (D) ATP level is measured after

10–60min ozone exposure with 30 and 40µg/ml doses. The data are presented as Mean ± SD of three independent experiments. **P < 0.01, compared with the

control; ##P < 0.01, compared with 40µg/ml ozone groups without ABT-888 pretreatment; &P < 0.05, compared with 50µg/ml ozone groups without AB.

DNA. Several studies have shown that the NAD+ depletion
caused by excessive activation of PARP1 is an important cause
of disorder of cell energy metabolism and cell death (34). In
this study, γH2AX, PARP1, PAR, NAD+, and ATP levels are
measured to evaluate the DNAdamage of cells at 30 and 40µg/ml
ozone concentrations and the influences of the accompanying
PARP1 activation on cellular NAD+ and ATP levels. DNA
damage marker protein γH2AX increased after ozone exposure,
suggesting that ozone exposure could induce DNA damage in
SCNs, which is consistent with the findings of the previous
similar studies. Further studies have revealed that 40µg/ml ozone
exposure can cause excessive activation of PARP1 in SCNs and
cause a decrease of intracellular NAD+ and ATP levels, thereby
leading to cell death.

The signaling pathways of DNA damage are vital for the
maintenance of genome integrity and dictating DNA repair
pathway choice or cell fate decision. PARP1 serves as a rapid
sensor for a DNA damage that plays vital roles in driving the early
chromatin organization and DNA repair pathway choice at the
damage sites. After a DNA damage, PARP1 is rapidly triggered
in a damage dose-dependent manner. However, little is known
on the influences of PARP1 activation on the damaged cells at the
cellular level. Murata et al. used a new combined phasor approach

to investigate the effects of PARP1 activation in response to DNA
damage on the cellular level (65). They employed fluorescence-
based biosensors and fluorescence lifetime imaging microscopy
combined with laser micro-irradiation to assess metabolic
changes at high spatiotemporal resolution in a living cell (65).
They observed that nuclear DNA damage activated PARP-
dependent NAD+ depletion, which in turn triggered a rapid cell-
wide accumulation of the bound NADH fraction. Their findings
showed that PARP activation induces a change in the cellular
metabolism that leads to activation of a pro-survival response
(65). The NAD+ depletion and NADH accumulation on the cell-
wide dimension was accompanied by a metabolic balance shift to
oxidative phosphorylation (oxphos) over glycolysis. This study
along with the other similar findings discussed that the oxphos
inhibition leads to parthanatos due to rapid PARP-dependent
ATP deprivation demonstrating that oxphos is a vital factor for
recovery and survival of the damaged cell (34, 35, 65).

Several studies have confirmed that PARP1 inhibitors could
protect cells from excitotoxicity and DNA damages (57, 65).
Zhang et al. reported that PAPR1 inhibitors can counteract
the NAD+ depletion caused by atrial fibrillation and alleviate
oxidative stress and DNA damage in cardiomyocytes (57).
Other studies have demonstrated that PARP1 inhibitors can

Frontiers in Medicine | www.frontiersin.org 10 December 2020 | Volume 7 | Article 61732133

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Ma et al. Ozone Exposure Induces Metabolic Disorders

improve the survival rate of HepG2 cells under oxidative stress,
and metabolomics analysis technology has confirmed that its
protective effect is related toNAD+ depletion caused by excessive
activation of PARP1 (35). However, so far there is no report
on the use of PARP1 inhibitors to protect SCNs under ozone
exposure conditions. In this study, ABT-888 was employed to
inhibit PARP1 activation 2 h before ozone exposure and the
results showed that PARP1 activation was inhibited under ozone
exposure, while intracellular NAD+ andATP levels were elevated
significantly compared with the control group received no ABT-
888 inhibition (Figures 5E,F). Under the exposure conditions of
40 and 50µg/ml ozone, PARP1 inhibitor increased the viability
of SCNs.

Mammalian target of rapamycin (mTOR) signaling pathway
incorporates both intracellular and extracellular signals into
an integrated central regulator for cell metabolism, growth,
proliferation and survival. Some studies have demonstrated that
ozone in the dose range used for therapeutic applications exerts
different therapeutic effects through AMPK phosphorylation and
AMPK/mTOR signaling pathways (11, 66). Evidence shows that
reduced autophagy in chondrocytes is the main etiology for
articular cartilage degradation and thus development of OA (67–
69). Zhao et al. investigated the role of autophagy induction in the
therapeutic effects of ozone on osteoarthritis (OA) chondrocytes
(11). They reported that ozone improved the decreased level of
autophagy in chondrocytes exposed with cytokine interleukin-
1β (IL-1β) through activation of the AMPK/mTOR signaling
pathway. Moreover, ozone treatment decreased inflammation
and restored metabolic balance in the chondrocytes.

Ozone exposure significantly decreased mTOR and P62,
whereas increased LC3 II, Beclin-1, and ULK1 proteins in
the OA prone chondrocytes. Furthermore, ozone significantly
upregulated the levels of p-AMPK, and the improved autophagy
in chondrocytes stimulated with IL-1β was suppressed by
com C. In addition, ozone treatment significantly suppressed
inflammation and regulated metabolism in IL-1β-stimulated
chondrocytes. AMPK activation plays a vital role in facilitating
autophagy after ozone exposure in chondrocytes stimulated
with IL-1β.

However, the specific mechanisms and signaling pathways
involved in the activation of AMPK by ozone are not yet
fully understood. AMPK serves crucial role in regulating cell
energy metabolism and the main factors responsible for AMPK
activation are ATP/AMP and ATP/ADP ratios as well as
intracellular AMP levels AMPK (70). Our study showed that 30
and 40µg/ml doses of ozone decreased the ATP levels within
20min after the exposure (Figure 2B). Moreover, 40µg/mL
ozone significantly increased the levels of ADP and AMP in the
SCNs. Previous in vitro dose-response studies have shown that
ozone in low concentrations (20–40 g/ml of oxygen-ozone) is
not toxic to astroglial cells, whereas in higher concentrations
(60µg/mL) significantly decreases cell viability (71). Our findings
showed that ozone exposure increased the levels of AMPK
phosphorylation in SCNs (Figures 6A,B). However, intracellular
ATP levels decreased gradually under 40µg/ml ozone exposure.
Our results in support of previous studies, showed that excessive
activation of PARP1 could result in DNA damage and NAD+

depletion, and subsequently reduce cell viability. The use
of PARP1 inhibitor improved the viability of SCNs under
ozone exposures with dosages of 40 and 50µg/ml (Figure 6C).
Meanwhile, after the application of PARP1 inhibitor, intracellular
ATP levels in SCNs still decreased 15min after ozone exposure.
After that, unlike the ABT-888(–) groups, intracellular ATP
levels of ABT-888(+) groups recovered gradually andmaintained
a relatively stable level (Figure 6D). The levels of AMPK
phosphorylation showed no significant difference with the ABT-
888(–) groups, which might be because the intracellular ATP
level was still lower than that of the normal group after the
application of PARP1 inhibitor (Figures 6A,B,D). Furthermore,
previous studies have shown that ROS could activate AMPK
directly by oxidizing its cysteine residues (72, 73). Moreover, liver
kinase B1 (LKB1) was the upstream kinase of AMPK, which can
also activate AMPK by phosphorylating the 172th threonine on
the activation loop of AMPK α subunit (74). Nevertheless, the
mechanisms by which ozone activates AMPK in SCNs are still
unclear and need further studies.

PARP plays important roles in choosing proper DNA repair
pathway and improving its efficiency and cell survival. Moreover,
excessive PARP activation regulates metabolism and senescence
and also influences DNA repair and both apoptosis and necrosis
cell death (21). NAD+ depletion by damage-induced PARP
activation could lead to inhibition of cellular energy metabolism,
because both NAD+ and NADH are actively involved in
metabolic process of cellular energy production (27). Moreover,
PARP1 activation inhibits hexokinase (HK), which results in
ATP deprivation and subsequent cell death parthanatos (28,
31, 75). Parthanatos cell death needs PAR-dependent nuclear
translocation of AIF from mitochondria, however, parthanatos
cell death has also been reported independent of AIF. In addition,
PARP activation induces intracellular acidification that increases
the risk of necrosis cell death (76). Therefore, the downstream
effects of PARP activation are complex so that the casual
association and exact relationships between the levels of DNA
damage and the impact of PARP signaling on energy metabolism
and/or triggering cell death is not well-understood.

CONCLUSION

This study investigated the cytotoxic effects of ozone exposure
at different doses on cell viability, ATP levels and the NAD+
concentration in SCNs in animal model. The findings showed
that 40µg/ml ozone exposure could cause DNA damage and
metabolic disorders of SCNs. PARP1 inhibitors could prevent
NAD+ depletion caused by excessive activation of PARP1 during
ozone exposure and thus alleviate the toxicity of ozone to SCNs
without inhibiting the activation of AMPK.
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Background and Objective: Diabetes mellitus (DM) is reportedly a significant risk factor

for intervertebral disc degeneration (IDD). Incretin system and particularly glucagon-like

peptide 1 (GLP-1) because of its glucose-lowering effects has become an important

target in therapeutic strategies of type 2 diabetes (T2D). Liraglutide is a GLP-1 receptor

(GLP-1R) agonist with glucoregulatory and insulinotropic functions as well as regulatory

functions on cell proliferation, differentiation, and apoptosis. However, little is known on

the roles and signaling pathways of apoptosis protecting effects of liraglutide in IDD.

This study aimed to investigate the potential protective effects of liraglutide against high

glucose-induced apoptosis of nucleus pulposus cells (NPCs) and the possible involved

signaling pathways.

Methods: The human NPCs were incubated with 100 nM liraglutide alone or in

combination with LY294002 (PI3K inhibitor), rapamycin (mTOR inhibitor), and SB216763

(GSK3β inhibitor) in a high glucose culture for 48 h. The four groups were assessed

further for apoptosis and genes expressions. The apoptotic effect was evaluated by flow

cytometry and further confirmed by cell death detection enzyme-linked immunoassay

plus (ELISAPLUS). The gene and protein expression levels were assessed by quantitative

real-time polymerase chain reaction (qRT-PCR) and Western blotting techniques. The

results were comparatively assessed between the four groups.

Results: The results confirmed the presence of GLP-1R in the NPCs indicating

that liraglutide inhibited the high glucose-induced apoptosis, which was blocked by

silencing GLP-1R with siRNA. Moreover, liraglutide stimulated the phosphorylation of

Akt, mTOR and GSK3β. Treatment with LY294002 significantly increased the apoptosis

of NPCs and reduced the levels of their downstream substrates (p-AKT, p-mTOR,

and p-GSK3β). Further assessments revealed that activation of mTOR and GSK3β

38

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.630962
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.630962&domain=pdf&date_stamp=2021-02-19
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yukunli.hebei@gmail.com
https://doi.org/10.3389/fmed.2021.630962
https://www.frontiersin.org/articles/10.3389/fmed.2021.630962/full


Yao et al. Liraglutide Inhibits Apoptosis of NPCs

was almost completely inhibited by rapamycin and SB216763, respectively, which

significantly increased the caspase-3 levels.

Conclusion: Liraglutide could protect NPCs against high glucose-induced apoptosis

by activating the PI3K/AKT/mTOR/caspase-3 and PI3K/AKT/GSK3β/caspase-3

signaling pathways.

Keywords: apoptosis, liraglutide, nucleus pulposus cells, signaling pathway, diabetes mellitus

BACKGROUND

Intervertebral disc degeneration (IDD) is a common disease
worldwide with significant socioeconomic burden and adverse
effects on quality of life in patients. IDD has been reported
as a significant contributor to low back and leg pain (1).
Diabetes mellitus (DM) has been reportedly a significant risk
factor for several disorders including IDD (2–4). Incretin system
and particularly glucagon-like peptide 1 (GLP-1) because of
its glucose-lowering effects has become an important target in
therapeutic strategies of type 2 diabetes (T2D). The intervertebral
disc (IVD) is consisted of the three distinct regions including
nucleus pulposus, annulus fibrosis and cartilage endplate,
providing stability and flexibility to the spinal column (5), and
it is mainly caused by the decline in the quantity and activity
of nucleus pulposus cells (NPCs) (6). High glucose environment
has been previously reported to inhibit cellular proliferation
and induce cell apoptosis, which subsequently promote the
IDD progression (4, 7). Therefore, suppression of high glucose-
induced aberrant apoptosis might be helpful in preventing the
development of IDD in diabetic patients.

Incretin system has become an important therapeutic target
for T2D treatment, mainly because of “the incretin effect,” which
explains oral glucose ingestion results in greater insulin secretion,
compared to isoglycemic intravenous glucose infusion (8, 9).
Incretin hormones are gastrointestinal hormones produced
by the intestinal mucosa after oral nutrient intake and are
capable of promoting insulin secretory responses and lowering
blood glucose levels in a glucose-dependent manner during
hyperglycemic conditions (10–12). Incretins decrease insulin
release when glucose levels are approximately normal. Two
incretin hormones are identified so far including glucose-
dependent insulinotropic polypeptide and GLP-1 (13). GLP-
1 has drawn significant research interest mainly because of
its capacities in lowering glucose, slowing gastric emptying,
improving insulin sensitivity, and inhibiting glucagon secretion
(14–18).Moreover, GLP-1 is actively involved in regulation of cell
proliferation and apoptosis through multiple pathways (19–21).

Abbreviations: IDD, Intervertebral Disc Degeneration; NPCs, Nucleus Pulposus
Cells; qRT-PCR, Quantitative real-time Polymerase Chain Reaction; GLP-1R,
GLP-1 Receptor; IVD, Intervertebral Disc; GLP-1, Glucagon-like Peptide-1; p-
Akt, Phosphor-Akt; NPCM, Nucleus Pulposus Cell Medium; FBS, Fetal Bovine
Serum; Ct, Threshold Cycle; RIPA, Radioimmunoprecipitation Assay; SDS-
PAGE, Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis; PVDF,
Polyvinylidene Difluoride; TBST, Tris Buffered Saline/tween 20; ECL, Enhanced
Chemiluminescence; LSD, Least Significant Difference; MAPK, Mitogen-activated
Protein Kinase; PI3K, Phosphatidylinositol 3-kinase.

However, the therapeutic applications of native GLP-1 are limited
mainly due to its rapid degradation and short half-life. GLP-1
receptor (GLP-1R) agonists with long half-life that are resistant to
degradation can overcome this limitation (17, 22, 23). Liraglutide
is a human GLP-1R analog that shares a 97% homology with
endogenous GLP-1, with a significantly longer half-life of about
13 h. It is a powerful antidiabetic agent and has been reported
to inhibit oxidative stress and apoptosis in various cells (24, 25).
However, to our knowledge, there is no published study the role
and molecular mechanism underlying of liraglutide in IDD.

The phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(Akt) signaling pathway is an intracellular signal transduction
pathway involved in the regulation of multiple cellular and
molecular physiological processes and plays vital roles in
metabolism, proliferation, cell survival, growth, migration,
angiogenesis, and apoptosis in response to extracellular signals
(10, 26–29). The activation form of phosphor-Akt (p-Akt) can
promote cell proliferation and inhibit cell apoptosis by regulating
downstream proteins. It has been reported that GLP-1 protects
insulin-secreting cells from H2O2-induced apoptosis through
Cyclic adenosine monophosphate (cAMP) and PI3K dependent
signaling pathways (30). Moreover, studies on C3H10T1/2
mesenchymal stem cells and MC3T3-E1 cells have demonstrated
that the protective effects of GLP-1 are possibly mediated
by activation of Akt process and possibly its downstream of
mechanistic target of rapamycin kinase (mTOR) and Glycogen
synthase kinases-3β (GSK3β) (31, 32).

In the present study we aim to investigate the potential
protective effects of liraglutide, GLP-1R agonist, against high
glucose-induced apoptosis in the NPCs and the possible involved
signaling pathways that mediate the anti-apoptotic action
of liraglutide.

MATERIALS AND METHODS

Cell Culture and Experimental Design
All the experiments and assessments in this study were approved
by local ethics committee of the Third Hospital of Hebei
Medical University, Shijiazhuang, China which were in complete
accordance with the ethical standards and regulations of human
studies of the Helsinki declaration (2014). Human NPCs were
purchased from American Science Cell Research Laboratories
and cultured in Nucleus Pulposus Cell Medium (NPCM)
according to the manufacturer guidelines and the method
previously described (23). The cultivation process was performed
under NPCM with standard conditions (37C, 21% O2 and
5% CO2). The cultivation medium contained 500ml of basal
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medium, 10ml of Fetal Bovine Serum (FBS), 5ml of NPC growth
supplement, and 5ml of penicillin/streptomycin solution (P/S)
(Hyclone, Logan, UT, USA). The cells were washed with fresh
medium at the next day to remove unattached cells and residual
DMSO (Solarbio, Beijing, China), then were washed every 2–
3 days. Once the NPCs reached 70% confluency, the medium
was changed every other day until reaching approximate 80–90%
confluency. Finally, the NPCs were split 1:3 and then subcultured
using 0.25% (w/v) trypsin solution (Sigma, St.Louis, MO, USA).

The resultant third-generation of NPCs were randomly
divided into six groups as follows: control (CON) group:
cultured in NPCM; High-glucose (HG) group: cultured in
high glucose concentration (0.2M) medium; High-glucose
plus liraglutide (HG + LIR) group: cultured in high glucose
medium containing liraglutide (100 nM); High glucose plus
liraglutide plus LY294002 (HG + LIR + LY) group: cultured
in high glucose medium containing liraglutide (100 nM) and
a phosphatidylinositol 3-kinase inhibitor (LY294002, 20µM);
High glucose plus liraglutide plus rapamycin (HG + LIR +

RAPA) group: cultured in high glucose medium containing
liraglutide (100 nM) and rapamycin (inhibitor of mTOR); and
high glucose plus liraglutide plus SB216763 (HG + LIR
+ SB) group: cultured in high glucose medium containing
liraglutide (100 nM) and SB216763 (an inhibitor of GSK-3β).
The concentrations of agents like liraglutide and inhibitors
and cultivating conditions of the experimental groups were
determined according to the previously similar studies (23, 32).
In all the six groups, the cell vitality, apoptosis rate, and the
expression of proteins and genes were determined under the
same experimental conditions after 48-h incubation interval.

Measurement of Cell Viability
The cell viability in all the experimental groups was measured by
Cell Counting Kit-8 assay (CCK-8, Sigma Aldrich, USA).
The CCK-8 assay allows sensitive colorimetric assays
for the determination of the number of viable cells in
the proliferation and cytotoxicity assays. It uses WST-8
(2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium salt) that produces
a water-soluble formazan dye upon bioreduction in the presence
of an electron carrier, 1-Methoxy PMS. We performed the cell
viability assay as per the instructions of the manufacturer and the
established method described in the previous study (23). Briefly,
the NPCs were seeded in 96-well culture plates at a density of 1.0
× 105/ml (3 wells for each group and 100 µl in each well) in a
CO2 incubator. When reached a confluence of ∼90%, different
media were replaced according to our experimental design
corresponding to the different interventions and control groups.
After 48 h incubation, the CCK-8 assay reagent (10 µl) was
added directly to the culture medium for an additional 3 h. The
WST-8 was bioreduced by cellular dehydrogenases to an orange
formazan product that is soluble in the culture medium. The
amount of produced formazan was directly proportional to the
number of living cells. A microplate reader (Dynatech MR5000,
Eggenstein, Germany) was used to measure the absorbance of
each well at 450 nm.

Apoptosis Assessment by Flow Cytometric
Analysis
Cell apoptosis was quantitatively determined using an Annexin
V-FITC apoptosis detection kit (BD Pharmingen, USA) with
propidium iodide (PI) as the viability probe. The assay
determines the percentage of cells within a population that
are actively undergoing apoptosis. The PI probe was used to
determine early apoptotic cells (PI negative, FITC Annexin V
positive). The assay was performed as per the instructions of the
manufacturer. Briefly, the NPCs were collected by centrifugation
(1,000 rpm/min, 5min, 4◦C) after trypsinization with 0.25%
trypsin (Sigma, St. Louis, MO, USA) and washing twice with
phosphate buffer solution (PBS, Solarbio, China). In the next
step, the cells were resuspended in 200 µl of binding buffer
and then stained with 10 µl of FITC-Annexin V solution
under dark condition for 15min according to the manufacturer’s
instructions. Then, 300 µl of binding buffer and 10 µl of PI
were added for another 5min. Finally, NPCs were subjected to
a flow cytometry machine (BD Biosciences, San Jose, CA, USA)
to analyze the apoptotic cell ratio. The determination of cells
was based as follows. The cells with both FITC Annexin V and
PI negative were considered viable; cells with FITC-Annexin
V positive and PI negative were in early apoptosis; and cells
with both FITC-Annexin V and PI positive were counted as
late apoptosis or already dead populations. Each experiment was
repeated three times independently and the averaged values were
used for analyses. The data were expressed as a percentage of the
total cell count.

Apoptosis Determination by ELISA
The cell death detection enzyme-linked immunoassay (ELISA)
plus kit (Roche Molecular Biochemicals, Germany) was used
to determine cell apoptosis. This assay qualitatively and
quantitatively determined the cytoplasmic histone-associated-
DNA-fragments (mono- and oligonucleosomes) after induced
cell death. It was based on the quantitative sandwich-enzyme
immunoassay-principle using mouse monoclonal antibodies
directed against DNA and histones, respectively. The assessment
was performed as per the instructions of the manufacturer.
Briefly, the NPCs with different treatments were lysed for 30min
at room temperature (25◦C), following by centrifugation for
10min. The amount of the DNA fragments detected in the
supernatants showed the extent of apoptosis in the sample.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)
The qRT-PCR technique was used to detect and quantify the
expression level of mRNA encoding Bcl-2, Bax, and caspase-3,
respectively. The total RNA of NPCs was extracted using the
TRIzol reagent (Invitrogen, USA) and quantified fluorometrically
using a CyQuant-Cell Proliferation Assay Kit (Molecular
Probes, Eugene, OR, USA), and then reverse-transcribed into
cDNA using a ThermoScript RT KIT (Invitrogen, Shanghai,
China) according to the manufacturer’s instructions. The DNA
sequence alignments and primer design for each gene were
conducted using Primer Premier 5.0 software (Premier Biosoft
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TABLE 1 | Real-time PCR primers [Sequences of forward (F) and reverse (R)

primers] used in this study.

Gene Primer sequences

Caspase-3 F: 5
′

-TGTTTCCCTGAGGTTTGCTG-3
′

R: 5
′

-TGCTATTGTGAGGCGGTTGT-3
′

Bcl-2 F: 5
′

-TTCTTTGAGTTCGGTGGGGTC-3
′

R: 5
′

-TGCATATTTGTTTGGGGCAGG-3
′

Bax F: 5
′

-TCCACCAAGAAGCTGAGCGAG-3
′

R: 5
′

-GTCCAGCCCATGATGGTTCT-3
′

β-actin F: 5
′

-CAGGGCGTGATGGTGGGCA-3
′

R: 5
′

-CAAACATCATCTGGGTCATCTTCTC-3
′

FIGURE 1 | NPCs proliferation activity under different treatments. Cell

Counting Kit 8 (CCK-8) assay was used to assess cell proliferation activity.

NPCs were treated in four groups as presented in the figure. CON, control;

HG, high glucose; LIR, liraglutide; LY, LY294002. Data are expressed as Mean

± SD (n = 3). *P < 0.05.

International, Palo Alto, California, USA). The sequences of
forward/ reverse primers used in this study are presented
in Table 1.

The cDNA synthesis and amplification approach was
employed to determine the expression level of mRNA as per
the instructions of the manufacture. A GoScriptTM Reverse
Transcription System (Promega, USA) was used in a standard
volume of 20 µl consisting 10 µl Master Mix, 0.2 µl forward
primer, 0.2µl reverse primer, 2µl cDNA, and 7.6µl nuclease-free
water. The PCR amplification was performed with the following
protocols: 95◦C for 3min, then 40 cycles of 95◦C for 10 s, and
finally 60◦C for 30 s. Standard curves were run in each assay,
which produced a linear plot of threshold cycle (Ct) against log
(dilution). The expressions of the target gene were quantified
based on the concentration of the standard curve and then were
presented as relative Ct values. The transcription levels of β-actin
were served as a loading control and the transcription levels for
all six experimental groups were compared.

Small Interfering RNA (siRNA) Silencing
Small interfering RNA (siRNA) was used to silence the GLP-1R in
the NPCs. Transfection of human NPCs with siRNA of the GLP-
1R was performed according to the previously described method
(33, 34). Briefly, the siRNA was specific and negative siRNAs
were purchased from GenePharma Biotechnology, Shanghai,
China. After isolation of the NPCs, cells were incubated for
1 h in NPCM medium. The Entranster TM-R4000 (Engreen
Biosystem Co, Ltd., New Zealand) was used according to
the protocol of the manufacturer employing 200 nM GLP-
1R siRNA. Cells were treated with negative control siRNA
(SiCON) or GLP-1R siRNA (SiGLP-1R) before liraglutide (LIR)
treatment in a high-glucose culture. After transfection, cells
were incubated in 12-well plates with NPCM medium for 48 h.
Untreated cells as well as the cells treated with negative siRNA
were used as negative controls. The siRNA silencing efficiency
was determined 48 h post transfection by protein analysis for
further experiments.

Western Blotting Analysis
In this study, the protein levels were detected by Western
blotting technique, with β-actin as internal reference protein.
For Western blotting assay, following appropriate treatment
where applicable, the NPCs were homogenized using a
radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime,
China) on the ice for 20min. A Protein BCA Kit (Beyotime,
China) was employed to quantify the protein concentration.
Then, equal amounts of protein samples were separated by
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to the polyvinylidene
difluoride (PVDF) membranes (Merck Millipore, Billerica,
MA, USA). In the final step, the transferred PVDF membranes
were blocked against tissue digestion using 5% non-fat milk
in Tris Buffered Saline with Tween R© 20 (TBST) solution
(50 mmol/l Tris, pH: 7.6, 150 mmol/l NaCl, 0.1%) for
1 h at the room temperature (25◦C) and then incubated
with the appropriate concentration of primary antibodies
(Proteintech, Wuhan, China) at 4◦C overnight. On the second
day, PVDF membranes were washed out three times in
the TBST solution and then incubated with the secondary
antibodies (Proteintech, Wuhan, China) for 2 h at 37◦C. The
immunoreactivity bands were interacted with an enhanced
chemiluminescence (ECL) kit (Thermo, USA), and the gray
values were analyzed using ImageJ software (National Institutes
of Health, USA).

Statistical Analysis
Statistical analyses were conducted by Statistical Package for the
Social Sciences (SPSS) (Windows, version 22.0). All data were
presented asMean± Standard Deviation (SD) from the results of
at least three independent experiments. Statistical analysis among
multiple groups was analyzed by the one way analysis of variance
(ANOVA), and the post-hoc test was performed using the SNK-
q test or the least significant difference (LSD) test. P < 0.05 was
considered statistically significant.
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RESULTS

Liraglutide Inhibits High-Glucose Induced
Apoptosis in NPCs
The cell proliferation activities in all experimental groups
were measured using the CCK-8 assay. The results showed
that the cell proliferation activity in the high-glucose group
significantly decreased, compared to the control group (P <

0.05). The addition of liraglutide increased the proliferation
activity, which was then reversed by adding the inhibitor
LY294002 (Figure 1) (P < 0.05).

The apoptotic effect on the NPCs was evaluated and
confirmed by FITC-Annexin V-PI staining and Cell Death
ELISAPLUS assessments, respectively. The results showed
that high-glucose treatment (0.2M) significantly increased the
percentage of apoptosis, compared with the control group (P
< 0.05). Moreover, addition of liraglutide suppressed the NPC
apoptosis, whereas inhibition of the PI3K/Akt pathway by
LY294002 counteracted the inhibiting effects of liraglutide in the
high-glucose group (P < 0.05) (Figure 2).

Liraglutide Regulates the Apoptosis
Related Gene Expressions in NPCs
Our results showed that the high-glucose treatment significantly
upregulated the expression of pro-apoptotic molecules (Bax and
caspase-3), whereas down-regulated the anti-apoptotic molecule
(Bcl-2) (P < 0.05). Liraglutide partly decreased expression of the
pro-apoptotic molecules (Bax and caspase-3), whereas increased
expression of the anti-apoptotic molecule (Bcl-2) in a high
glucose medium, and the LY294002, a PI3K inhibitor, partly
reversed the liraglutide-induced effects of in the high glucose
group (P < 0.05) (Figure 3).

PI3K/Akt/mTOR/Caspase-3 and
PI3K/Akt/GSK3β/Caspase-3 Pathways
Mediate Liraglutide Anti-apoptosis Effects
in NPCs
The activation status and the triggering factors of the
intracellular signaling pathways were investigated to determine
the molecular mechanisms involved in exerting the anti-
apoptosis effects of liraglutide in NPCs. Our results showed
that high-glucose treatment of NPCs significantly reduced the
expression of anti-apoptotic proteins p-Akt, p-mTOR, and p-
GSK3β in the cell apoptosis. Contrary, the liraglutide treatment
significantly promoted the phosphorylation of Akt, mTOR
and GSK3β, compared with the high-glucose group (P <

0.05) (Figures 4A–D). The high-glucose treatment significantly
upregulated the level of pro-apoptotic caspase-3 protein, whereas
liraglutide addition to the medium markedly reduced the
expression level of this protein (Figures 3A,D). As it was
expected, the inhibitor LY294002 significantly decreased the
levels of p-Akt, p-mTOR, and p-GSK3β expressions, which
liraglutide addition significantly increased the levels of caspase-3
in a high glucose culture (P < 0.05) (Figures 4A–D).

To further evaluate the apoptosis-inhibiting effect of
liraglutide and the role of mTOR and GSK3β as the

downstream substrates of Akt process in the NPCs under
high-glucose medium, additional Western blot assessments
were performed. The cells were incubated with rapamycin
(inhibitor of mTOR) and SB216763 (inhibitor of GSK3β) in
the high glucose medium combined with liraglutide group.
The rapamycin and SB216763 completely prevented the
activation of mTOR and GSK3β, respectively (P < 0.05).
Moreover, rapamycin and SB216763 treatments significantly
increased the caspase-3 expression levels in the NPCs (P
< 0.05) (Figures 4E–J). These findings demonstrated that
liraglutide could stimulate the PI3K/Akt/mTOR/caspase-3 and
PI3K/Akt/GSK3β/caspase-3 signal transduction pathways in the
NPCs under high-glucose environment.

Role of GLP-1R in Liraglutide Induced
NPCs Apoptosis
The Western blot assessments demonstrated the presence of
GLP-1R protein in the NPCs (Figure 5A). Cell death ELISAPLUS
was performed to determine the apoptosis of NPCs. Our data
revealed that silencing GLP-1R with siRNA partly blocked the
anti-apoptotic effect of liraglutide (Figure 5B), demonstrating
that liraglutide prevented apoptosis of NPCs via GLP-1R.

DISCUSSION

This study investigated the anti-apoptotic effects of liraglutide
and possible underlying molecular mechanisms in NPCs in high
glucose environment. Our findings showed that the inhibition
of apoptosis by liraglutide is mediated, at least in part, through
PI3K/Akt/mTOR/caspase-3 and PI3K/Akt/GSK3β/caspase-3
signaling pathways. The results also revealed that GLP-1R is
involved in NPCs apoptosis and liraglutide mediated inhibition
of apoptosis is GLP-1R dependent.

IDD is reportedly a major risk factor for low back pain
as well as chronic pain in lower extremities (1). Research is
ongoing to understand the pathogenesis of disc degeneration and
develop effective therapies for this disorder (35–37). In the recent
years, some basic and epidemiological studies have demonstrated
that DM is a potential etiological factor of IDD (38, 39). High
glucose environment can significantly affect disc biology from
disc cell viability to disc matrix metabolism, resulting disc
NPCs apoptosis (7, 40). Therefore, inhibiting high glucose-
induced NPCs apoptosis has important significance in retarding
disc degeneration.

Apoptosis or programmed death is a complicated process
that contributes to the structural and functional development
of various multicellular organisms. This process contributes to
the pathogenesis of several diseases including neurodegenerative
diseases, cancer, and immune system dysfunctions. Many
factors, majority of them proteins, are actively involved in the
apoptosis, the most important of them are caspases, amyloid-
B peptide, Bcl-2 family of proteins, p53 gene, and the heat
shock proteins (41–44). Apoptotic mechanism consists of three
main parts of initiation, execution, and termination. Apoptosis
could be triggered by several factors such as alkylating agents,
chemotherapeutic agents, oxidative stress, and ionizing radiation
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FIGURE 2 | NPCs apoptosis ratio for different treatments. Apoptotic NPCs were detected and confirmed by FITC-Annexin V-PI staining (A,B) and Cell Death

ELISAPLUS (C), respectively. CON, control; HG, high glucose; LIR, liraglutide; LY, LY294002. Data are expressed as Mean ± SD (n = 3). *P < 0.05.

or by external factors such as tumor necrosis factor (TNF),
cytokines, Fas ligand (FasL) and the TNF-related apoptosis
inducing ligand (TRAIL) (45).

Apoptosis is activated by two distinct pathways including
intrinsic and external signaling pathways. The intrinsic pathway
is activated by internal signals such as DNA damage or growth
factor deprivation and is regulated by protein Bcl-2. The external
signal of apoptosis induction such as death activators usually bind
to receptors at the cell surface.

Liraglutide, a GLP-1 agonist with long half-life, is currently
employed as an interesting therapeutic agent for DM. Liraglutide,
through binding to GLP-1R, exerts glucoregulatory and
insulinotropic functions as well as regulatory functions on cell
proliferation, differentiation, and apoptosis (46, 47). However,
little is known on the functions of liraglutide in NPCs apoptosis
and involved signaling pathways.

A considerable research attention has been devoted on the
use of GLP-1 for treatment of T2D (8, 12, 15, 23, 48, 49). This gut
incretin hormone has been reported to exert various beneficial
effects on different cells including neuronal cells, pancreatic
β-cells, gut and hypothalamus. These effects include lowering
glucose, slowing gastric emptying, improving insulin sensitivity,
enhancing glucose-dependent insulin secretory response,
inhibiting glucagon secretion, inhibiting β-cell apoptosis and
promoting β-cell proliferation (9, 30, 50–53). Liraglutide is

a human incretin-GLP-1 agonist with 97% sequence identity
identical to the native human GLP-1 but with a very longer
half-life. Recent studies have reported that liraglutide could
significantly prevent (by 50%) both the cytokine- and free
fatty acid-induced apoptosis in primary rat islet cells in a
dose-dependent manner (54).

Ming-yan et al. investigated the effects and possible
mechanism of liraglutide on apoptosis of human NPCs
(23). They observed that NPCs contained GLP-1R indicating
that liraglutide inhibited the high glucose-induced apoptosis of
NPCs. Moreover, liraglutide reduced the expression of caspase-3
activity and inhibited reactive oxygen species (ROS) generation
and triggered the phosphorylation of Akt under high glucose
condition. They showed that pretreatment of NPCs with a PI3K
inhibitor (LY294002) prevented the anti-apoptotic effect of
liraglutide on NPCs. They concluded that GLP-1R prevented
the liraglutide-induced activation of Akt (23). Their findings
demonstrated that liraglutide could directly protect NPCs against
high glucose-induced apoptosis through impeding oxidative
stress and activating the PI3K/Akt/caspase-3 signaling pathway
by GLP-1R (23). In light of these findings, we designed this
study to investigate the downstream substrates of Akt process
in inducing protective effects against high glucose induced
apoptosis deaths in NPCs through assessing the roles of mTOR
and GSK3β deaths.
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FIGURE 3 | The expressions of pro- and anti-apoptosis molecules in the different treatment groups using Western blot and RT-PCR techniques. The expressions of

Bcl-2, Bax, and caspase-3 by Western blot (A–D) and RT-PCR (E–G). Liraglutide partly decreased the expressions of Bax and caspase-3, whereas increased the

Bcl-2 expression in a high glucose culture and the inhibitor LY294002 partly reversed the liraglutide-induced effects. CON, control; HG, high glucose; LIR, liraglutide;

LY, LY294002. Data are presented as Mean ± SD (n = 3). *P < 0.05.

In our study, we chose the concentration of liraglutide at
100 nM as an optimum concentration (35, 46). Results showed
that high glucose markedly increased the percentage of apoptosis
and regulated the gene and protein expression related to
apoptosis that down-regulated levels of anti-apoptosis molecules
(Bcl-2) and up-regulated levels of pro-apoptosis molecules (Bax,
caspase-3). The addition of liraglutide significantly decreased
the cell apoptosis ratio, up-regulated expression of Bcl-2, and
down-regulated Bax and caspase-3 in a high glucose culture.

We further explored the signaling transduction pathway in
the protective effects of liraglutide against high glucose-induced

NPCs apoptosis. GLP-1 has been reported to be involved in
inhibition apoptosis in various cells. GLP-1 binding to GLP-1R
leads to the activation of specific signaling pathways including
mitogen-activated protein kinase (MAPK, phospholipase C,
cAMP/PKA, and PI3K)/Akt (55). Among them, PI3K/Akt
pathway plays an important role in regulating the biology
of disc cells, and has been reported to interfere with the
process for NPCs apoptosis (56–58). The mTOR and GSK3β
are downstream effectors of the PI3K/Akt signaling, which can
be activated via PI3K/Akt signaling and has been reported
to inhibit apoptosis (58–61). To our knowledge, as a GLP-1
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FIGURE 4 | The Western blot assessments of the activations of PI3K/Akt/mTOR/caspase-3 and PI3K/Akt/GSK3β/caspase-3 signaling pathways in anti-apoptotic

effects of liraglutide. Cells were exposed to liraglutide (100 nM) and LY294002 (20µM), respectively. The outcomes of Western blotting on the expressions of Akt

(A,B), mTOR (A,C), and GSK3β (A,D). In further assessments, cells were incubated with 100 nM liraglutide and rapamycin or SB216763, respectively. Results of

Western blot assessments on expressions of mTOR (E,F), GSK3β (H,I), and caspase-3 (G,J). CON, control; HG, high glucose; LIR, liraglutide; LY, LY294002. Data

are expressed as Mean ± SD (n = 3). *P < 0.05.

agonist, liraglutide exerts its physiological functions through
binding to GLP-1R and can activate PI3K/Akt signaling
cascade (35, 62). Our data show that liraglutide (100 nM)

largely rescued the phosphorylation of Akt, mTOR, and
GSK3β (which was inhibited by high glucose) and decreased
caspase-3 levels. The LY294002, a PI3K inhibitor, blocks
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FIGURE 5 | Role of GLP-1R in NPCs apoptosis under high-glucose treatment. (A) Western blot analysis showed GLP-1R protein was expressed in the NPCs. (B)

Silencing GLP-1R with siRNA transfection lead to the liraglutide anti-apoptotic effect inhibition. Before liraglutide (LIR) treatment, cells were treated with GLP-1R siRNA

(SiGLP-1R) or negative control siRNA (SiCON), then assessed for apoptosis using cell death detection ELISAPLUS assay. Data are presented as Mean ± SD (n = 3).

*P < 0.05.

PI3K/Akt signaling pathway in mammalian cells. Treatment
with LY294002 significantly increased the apoptosis of NPCs
and reduced the levels of their downstream substrates (p-
AKT, p-mTOR, and p-GSK3β). To further investigate this
issue, rapamycin and SB216763 were used to inhibit activation
of mTOR and GSK3β, respectively. Treatment of NPCs with
rapamycin and SB216763 induced a significantly increase
in caspase-3 levels, which is a critical enzyme for cell
survival and apoptosis (63). Therefore, we speculated that
the PI3K/Akt/mTOR/caspase-3 and PI3K/Akt/GSK3β/ caspase-
3 signaling pathways are involved in the protective effects
of liraglutide against high glucose-induced NPCs apoptosis.
Furthermore, we ascertained that GLP-1R was expressed in the
NPCs. The anti-apoptosis effect of liraglutide was blocked by the
inhibition of GLP-1R with siRNA, indicating that the protective
effect against high glucose-induced NPCs apoptosis is mediated
by GLP-1R.

CONCLUSION

This study investigated the protective effects of liraglutide against
high glucose-induced apoptosis in NPCs and also the involved
molecular signaling pathways. In conclusion, the present study
suggested that liraglutide could attenuate high glucose induced
NPCs apoptosis and the activation of PI3K/Akt/mTOR/caspase-
3 and PI3K/Akt/GSK3β/caspase-3 signaling pathways may be
responsible for its protective effects by binding to GLR-1R. This
study provides some theoretical basis for the application of
liraglutide in retarding disc degeneration, which still requires
further clarification. Future studies should be conducted to
determine the precise mechanisms underlying the differential
effects of liraglutide on apoptosis and the related processes such
as autophagy to optimize the anti-apoptotic and cytoprotective
effects of liraglutide.
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Cancer is one of the most leading causes of mortalities worldwide. It is caused by the

accumulation of genetic and epigenetic alterations in 2 types of genes: tumor suppressor

genes (TSGs) and proto-oncogenes. In recent years, development of the clustered

regularly interspaced short palindromic repeats (CRISPR) technology has revolutionized

genome engineering for different cancer research ranging for research ranging from

fundamental science to translational medicine and precise cancer treatment. The

CRISPR/CRISPR associated proteins (CRISPR/Cas) are prokaryote-derived genome

editing systems that have enabled researchers to detect, image, manipulate and

annotate specific DNA and RNA sequences in various types of living cells. The

CRISPR/Cas systems have significant contributions to discovery of proto-oncogenes

and TSGs, tumor cell epigenome normalization, targeted delivery, identification of drug

resistance mechanisms, development of high-throughput genetic screening, tumor

models establishment, and cancer immunotherapy and gene therapy in clinics. Robust

technical improvements in CRISPR/Cas systems have shown a considerable degree

of efficacy, specificity, and flexibility to target the specific locus in the genome for the

desired applications. Recent developments in CRISPRs technology offers a significant

hope of medical cure against cancer and other deadly diseases. Despite significant

improvements in this field, several technical challenges need to be addressed, such

as off-target activity, insufficient indel or low homology-directed repair (HDR) efficiency,

in vivo delivery of the Cas system components, and immune responses. This study

aims to overview the recent technological advancements, preclinical and perspectives

on clinical applications of CRISPR along with their advantages and limitations. Moreover,

the potential applications of CRISPR/Cas in precise cancer tumor research, genetic, and

other precise cancer treatments discussed.

Keywords: clustered regularly interspaced short palindromic repeats, CRiSPR/Cas, cancer, precise cancer

treatment, genetic editing, diagnosis, precision medicine

INTRODUCTION

Cancer is one of the main causes of disease-associated mortalities worldwide with ever-increasing
incidence worldwide (1). Comprehensive and large-scale sequencing databases have shown that
genetic alterations, either specific to a certain type or common to several types, play crucial
roles in tumorigenesis (2). Determining the structural and functional features of mutated genes,
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particularly long-tail molecular alterations, in genetic variations
of cancer genomes play pivotal role in advancing cancer research
(3, 4). However, systematic functional analysis of genes and
mutations are time-consuming, expensive and laborious (5).
Discovery of mutations that cause phenotypes relied either on
random mutagenesis or indirectly on perturbation of transcripts
by RNAi. The development of engineered nucleases such as zinc
finger nucleases or transcription activator-like effector nucleases
(TALENs) have made it possible to directly target and modify
the genomic sequence (6, 7). Recently, genome engineering was
greatly accelerated by the development of clustered regularly
interspaced short palindromic repeats (CRISPR) technologies.
Since the first use of CRISPR/CRISPR associated proteins
(CRISPR/Cas) as a genome editing tool in 2013 in mammalian
cells (8, 9), this toolbox has been extensively and continuously
expanded. CRISPR/Cas systems are currently capable of not only
manipulating the genomic sequence of cells and organisms, but
also the introducing and site-specific targeting of epigenetic and
transcriptional modifications (10–12).

In the past decade, the emergence of the CRISPR technology
has brought revolutionary advances into genome engineering
and made it powerful tool in different cancer researches
including fundamental sciences to translational medicine and
precise cancer treatment. The CRISPR/Cas are prokaryote-
derived genome editing systems that have shown promising
contributions to detect, image, manipulate and annotate specific
DNA and RNA sequences in various types of living cells.
CRISPR/Cas, capable of specific genome modifications in
living eukaryotic cells, making this technology one of the
key scientific discoveries of the twenty-first century. The
genomic modifications include; sequence deletions, insertions,
substitutions, integrations, and epigenetic genes regulation. In
the last few years, advancements in this technology make
an ability to drive into both basic and clinical research
applications. CRISPR/Cas system is an RNA-guided targeted
genome engineering platform, attaining a considerable attention
in experimental research, and revolutionize different fields of life
sciences. Functionally, the CRISPR-Cas system is divided into 2
classes according to the structural composition of the effector
genes. The class 1 CRISPR system consists of multi-subunits of
effector nuclease complexes and includes the type I, III, and IV
CRISPR systems. The class 2 consists of a single effector nuclease,
and routine practice of genome editing has been achieved by the
development of the Class 2 CRISPR-Cas system, which includes
the type II, V, and VI CRISPR-Cas systems. Types II and V are
utilized for DNA editing, and type VI for RNA editing. CRISPR
techniques can induce both quantitative and qualitative changes
in gene expression through the DSB repair pathway, transposase-
dependent DNA integration, base editing, and gene regulation
using the CRISPR-dCas or type VI CRISPR system.

The CRISPR systems were first observed in E. coli in 1987
(13) and then in several other bacteria species (14). The exact
functions and roles of these short repeat sequences remained
unclear until in 2005, when strong evidences have hypothesized
that these repeated sequences function as a part of an adaptive
immune system in bacteria. Several studies have reported
the similarities between the phage DNA and these repeated

sequences (15–17). Further preclinical and animal model studies
have demonstrated that CRISPR and CRISPR/Cas are associated
to the adaptive immunity targeting foreign viral DNA (18).
Mechanistically, two distinct RNAs including the CRISPR RNA
(crRNA) and the trans-activating crRNA (tracrRNA) activate
and guide Cas proteins to bind viral DNA sequences, which are
subsequently cleaved together. The tracrRNA is a distinct type of
RNA that interacts with the crRNA to produce the dual guide (g)
RNA in CRISPR-Cas systems. The tracrRNA-crRNA interaction
is pivotal for pre-crRNA processing, target recognition, and
also cleavage.

CRISPR/Cas systems are adaptive (acquired) immune systems
of prokaryotic and archaeal microorganisms and rely on
ribonucleoprotein effector complexes. They eliminate invading
phages, conjugative plasmids, and mobile genetic elements
via reserving the memory of the encounters with foreign
DNA in unique spacer sequences into CRISPR arrays (17–
19). Naturally, CRISPR systems integrate foreign DNA molecule
into CRISPR arrays, which subsequently produce crRNAs, and
containing protospacer regions that are complementary to
antigenic invading DNA molecules, followed by hybridizing
each crRNA with other non-coding tracrRNA. A crucial event,
which forms a hybrid of crRNA-tracrRNA, and makes a complex
with Cas nucleases that cleave target-DNA sequences nearby
to short sequences called protospacer adjacent motifs (PAMs)
(20, 21). Genetic engineers can manipulate the CRISPR/Cas
system efficiently and can target genes of interest to regulate their
functions effectively in any eukaryotic organism, particularly
in mammalian. The molecular biology of the CRISPR/Cas
reveals how it can be operated while using synthetic guide
RNAs (gRNAs) and other components to the target region of
interest in DNA molecule for the desired application and finds
the disease-causing genetic variations (22). Typically, the most
widely used CRISPR system i.e., CRISPR/Cas9 targets 5′ of a PAM
sequence. They induce double-stranded breaks (DSBs), which
can be repaired by 2 DNA repair pathways called, homology
directed repair (HDR) and non-homologous end joining (NHEJ)
(22). HDR pathway facilitates precise gene modifications in the
presence of a repair template (23). However, in the absence
of a repair template, DSBs repaired by the NHEJ pathway
that introduces insertion or deletions by editing DNA region,
resulting in target genes disruption by shifting the reading frame
(23, 24).

CRISPR/Cas nucleases-induced DSBs are mostly repaired
by efficient eukaryotic cellular NHEJ pathway rather than by
the HDR (25). Meanwhile, utilizing the Cas9 nickases can
optimize the yields of indel at the genes loci, and enhance the
HDR efficiency (26). The efficacy of the HDR pathway can be
improved by enhancing the HDR pathway via gene silencing or
suppressing non-homologous end-joining proteins activity (23),
using small-molecule reagents (23, 27), or expressed proteins
(26–28). Currently, DNA repair proteins have shown promising
capacities in this regard, but in vivo implementation of these
strategies are challenging. Moreover, DSBs in cells via DNA
repair pathways are described that lead to many undesired
genomic alterations, such as large deletions and translocations
(29, 30). Various efforts have been made to improve HDR, such
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as DNA donor template designing, system delivery, and cell cycle
synchronization (26, 31–33).

PROS AND CONS OF CRISPR/CAS
TECHNOLOGIES

In the last few years, advances in CRISPR/Cas technologies
are spectacular and have shown considerable potential in
several fields of life sciences research. CRISPR technologies
are now considered more accurate, target-specific, easy to
use, and multi-potential. Despite the remarkable advances in
CRISPR, several limitations and concerns still exist, which
need to be addressed and solved for the optimized Cas
systems development. The current attempts at addressing all
those concerns have been made to overcome these technical
hurdles. In the following sections, the main limitations of the
CRISPR technologies and recent advances to address them
are discussed.

The off-target effects are still a major concern in complex
eukaryotic organisms, most often in vivo for therapeutic
applications (34, 35). The targeting specificity depends upon the
gRNA of Cas9 and PAM sequences, and off-target cleavage in
the genome (36). Different online editing programs have been
developed and successfully utilized to identify and predict off-
target cleavages in silico. However, these tools are limited to
examining homologous genes and face shortcomings to predict,
for example, epigenetic modifications. Technical advances like
high throughput genome-wide next-generation sequencing, play
an important role in reducing off-target effects (35, 37).
Developing a well-optimized and engineered CRISPR system
can significantly reduce the off-target effects. For instance,
off-target effects can be reduced via increasing the nucleases
cleavage specificity or reducing the time frame of functional
activity for their applications. Different Cas proteins that exhibit
enhancements in on-target specificity have been engineered that
include eSpCas9, HF-Cas9, HypaCas9, and Sniper Cas9 (38–
41). Another approach is using Cas9 nickases, where one of
the endonuclease domains were catalytically inactivated and as
a result, the low off-target effect was analyzed in the genome
(42, 43). Off-target effects induced by CRISPR can be reduced
by limiting the duration of Cas9 activity. For example, the Cas9
system delivered via electroporation had shown a shorter half-
life than delivered by other vector systems such as lentiviral or
plasmid vector system-based cargo delivery methods. Dosage
affects several parameters and the target specificity of cleavage
can play an important role in their applications. Alternatively,
the target specificity of Cas9 systems can be enhanced by
direct modulation of the activity of the genome-editing proteins,
Cas9 proteins, by reducing their activity following the target
locus alteration (44). The Cas9 nucleases were activated by
inserting a modified 4-hydroxytamoxifen-responsive intein, a
cell-permeable small molecule, at specific positions in Cas9
(44). These conditionally active Cas9 systems could alter the
target genomic sites and were reported to enhance the target
specificity human cells, up to 25-folds higher than the wild-type
Cas9 (44–47).

Recent evidences have demonstrated that CRISPR system
could be a highly efficient approach for the gene editing
and manipulation applications in a variety of eukaryotic cells.
However, HDR and indel mutation in some genome sites
have shown low efficiency. To address the insufficient indel of
Cas-system in the target sites, some efforts have been made to
increase efficacy by either Cas engineering or gRNA (48, 49).
The CRISPR/Cas proteins preceded DSB after the recognition
of a PAM sequence (50, 51). Each type of Cas proteins contain
their PAM sequence in the genome. Broadly speaking, type II
CRISPR/Cas recognizes 3′ G-rich DNA sequences, while another
type V, preferred 5′ T-rich sequences for their application.

The main issue in genome editing approaches is the
unavailability of PAM in the desired gene loci. However, a range
of Cas-nucleases variances such as SpCas9 and Cas12a are now
available that are decreasing PAM restriction (52, 53). These
kinds of advancements will provide flexibility in genome editing
for the desired specific targets. In other ways, artificial intelligence
plays a critical role and has been adopted for experimental
designing to predict target sequences with high indel efficiency
(54). The desired HDR efficiency to make genes functionally
correct remains low, though different chemical and engineering
tools have been used, i.e., chemical reagents, such as SCR7,
NU7441, and KU0060648 (55, 56). The use of a donor template in
the form of ssDNA led to increased HDR efficiency in cells (57).
CRISPR/Cas often triggers cell apoptosis due toDSBs, rather than
the desired genome editing (58). The safety issue raises when this
genome editing system is utilized in human pluripotent stem cells
(hPSCs). In response to DSBs by CRISPR, the activation of p53
occurred that triggers cellular apoptosis (59).

Recently, genome editing with base editorsmakes it possible to
precisely fix desired targeted point mutations without requiring
donorDNA templates, DSBs, or independence onHDR. In recent
decades, these editing systems have been catalytically impaired
nucleases, as a result, DSBs have not occurred. Importantly, 2
classes of base editors have been established; namely, cytosine
base editors (CBEs) and adenine base editors (ABEs); they enable
to catalyze the C•G base pairs (bp) conversion to T•A bp,
and A•T bp to G•C bp, respectively (60–62). Besides these,
catalytically inactivated CRISPR-dCas9 (dCas9) was applied for
epigenome modifications instead of a genome that can alter gene
regulation. CRISPRa and CRISPRi system has been developed to
activate and silence genes, respectively (63). For example, dCas9
in combination with histone deacetylase (HDAC), improved
CRISPR system efficacy and optimal positioning and developed
an organized system to study epigenome (64). The evaluation
of off-target effects can be analyzed through several online
bioinformatics tools to predict potential off-targets with similar
sequences, such as CCTop (https://crispr.cos.uniheidelberg.de),
and Cas-OFFinder.

In addition, technical limitations and advances in the field of
CRISPR technologies raise concerns for immunogenic toxicity.
Recently, a study has shown that human subjects included,
possessed pre-existing antibodies against Cas9. The obtained
results showed that more than 50% of their subjects included
in the study had immunity against the commonly used bacterial
nucleases (65). In their study, the two extensively studied
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nucleases for gene therapy of Cas orthologs i.e., SaCas9 and
SpCas9, were prevalent in human blood, and the human immune
system has shown an immunogenic response against these
nucleases. In this regard, extensive studies should be conducted
particularly, for in vivo gene therapy applications. Furthermore,
the gRNA triggers an innate immune response in human cells
due to the presence of the phosphate group at the 5′ terminal
(66). In addition, CRISPR has been extensively applied in clinical
trials to modify somatic cells ex vivo, with the aim of reducing
risk, and subsequently, transferring for in vivo gene therapy
applications. However, the germ-line gene editing studies for
therapeutic purposes still face ethical challenges. In this regard,
the ongoing and near-future clinical trials on somatic CRISPR
therapy need to be evaluated for the long-term to check the
system efficacy and safety.

CRISPR DELIVERY APPROACHES AND
CHALLENGES

An efficient delivery of both Cas9 and the single guide RNA
(sgRNA) to the target cell is required for a successful in vivo
administration of CRISPR/Cas9. The delivery approach should
have high editing efficiency, induce low immunogenicity and
deliver the Cas9/sgRNA specifically to the target organ or
cell type. The first generation genome editing strategies in
mammalian cells have been utilized the plasmid based expression
of Cas9 and sgRNA (8, 9). Moreover, this approach is efficient for
in vivo applications in model organisms such as mice because the
plasmid can be delivered to the tissue by hydrodynamic injection
(67) or electroporation (68–70). However, in these applications
the targeting delivery and editing efficiency are limited and
control over the Cas9 activity is poor. Therefore, different viral
and non-viral delivery strategies have been developed to enhance
the performance of in vivo delivery of Cas9/sgRNA (71–73).

Adeno-associated virus (AAV) vectors are effective and among
the most common used viral vectors for gene therapy because
of their unique features including non-integrating nature, high
transduction efficiency and serologically compatible with most
of human population (74–77). Furthermore, the rich diversity
of serotypes with distinct tissue tropisms enables AAVs to
selectively target different organs (78, 79). However, the main
limiting issue of AAVs for delivery of CRISPR and Cas9 is the
limited cargo size of AAVs, so that the Cas systems and sgRNA
should be encoded on additional separate vectors (74). AAVs can
be administrated systemically or directly applied to the target
organ for genome editing applications (75, 80–82). Using lipid
nanoparticles (LNPs) is an alternative approach to viral delivery,
which offer availability, low cost and high compatibility (83–85).
LNPs have been employed for successful delivery of siRNA and
mRNA in clinical trials (83, 86). Moreover, recent studies have
demonstrated that LNPs can encapsulate and deliver the sgRNA
and Cas9 mRNA to murine liver with high delivery efficiency
and targeting performance (87–90). Furthermore, multifunction
and modified nanoparticles can be additionally loaded with a
donor template and thereby allow homology directed repair (91).
However, the nanoparticles based carriers with a donor template

suffer low editing efficiency (91). The main focus of the current
research is on improving and establishing CRISRP/Cas9 as a gene
repair tool. However, it is expected that CRISPR/Cas9 would be
translated into a therapeutic agent for cancer treatment in clinical
setting. To achieve this goal, the main step is developing effective
carriers for tissue-specific delivery of Cas9/sgRNA (92–94).

Low editing efficiency in tumors and potential toxicity of
the currently available delivery systems are the main limiting
factors against translation of CRISPR/Cas9 technology into
cancer therapeutics. The presence of an appropriate and effective
alternative of delivery strategy is critical for CRISPR/Cas9
delivery, particularly where genome editing systems should be
effectively conducted in the targeted organisms or cells. Until
now, in vivo delivery of the Cas9 system remains challenging.
Both physical techniques and viral vectors have been utilized
for the delivery of the Cas9-based gene editing platform. The
physical approaches are more feasible for in vitro delivery, but
the viral vectors based techniques usually suffer limited packing
capacities and poor safety profile. Recent preclinical and animal
studies have demonstrated promising delivery performance and
targeting efficacy of non-viral drug delivery systems such as
polymeric and lipid nanocarriers for the delivery of CRISPR/Cas9
systems. These non-viral vectors are expected to be candidate
carriers for the genome editing platform in the near future.
The efforts in optimizing cationic nanocarriers with structural
modification are described and promising non-viral vectors
under clinical investigations are highlighted.

Different studies have recently developed a safe and effective
strategy for antibody-targeted cell-specific delivery of mRNAs
and siRNAs through systemically administration of LNPs (95–
97). In this regard, few studies have reported promising outcomes
in using LNPs for the delivery of Cas9 mRNA and sgRNAs. The
initial findings showed that aminoionizable LNPs could serve as
a safe and efficient carrier for Cas9 components (87). Rosenblum
et al. reported a single intracerebral injection of CRISPR-
LNPs against PLK1 (sgPLK1-cLNPs) into metastatic orthotopic
glioblastoma enhanced the in vivo gene editing specificity up to
∼70%, which inhibited tumor growth by 50%, induced tumor cell
apoptosis, and enhanced survival by 30% (87). The cLNPs were
engineered for antibody-targeted cell specific delivery to reach
the distributed tumors (87, 88, 97, 98). Intraperitoneal injections
of sgPLK1-cLNPs targeting EGFR improved the site specificity
of gene editing in vivo by 80% for distributed ovarian tumors,
and inhibited tumor growth, and increased survival by 80% (87).
The capacity of disrupting gene expression in vivo in tumors is
a promising feature for translating CRISPR tools into clinical
applications and paves the way for developing gene editing
techniques for cancer research and treatment and potential
applications for targeted gene editing of non-malignant tissues.

Methods of Delivery
CRISPR technology has been reported one of the most promising
therapeutic tool that could efficiently correct a variety of disease-
associated mutations. In this view, it must be transported directly
to their target site.

Multiple techniques have been developed for CRISPR delivery
such as physical, viral, and non-viral delivery systems (99).
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Physical methods include microinjection, transfection, and
electroporation that are most suitable for research purposes in
cell culture. However, these strategies can be used for ex-vivo
cell manipulation for adoptive transfer (100). Multiple studies
revealed the delivery of Cas9 protein/gRNA ribonucleoprotein
complexes into many cells of mammals by electroporation or
transfection mediated by liposomes (101, 102). The findings
of the studies have reported that the rate of insertion/deletion
(InDel), induced by nuclease was 87% in induced pluripotent
stem cells (iPSC). Furthermore, off-target cleavage was decreased,
as compared with the transfection in plasmid DNA (102).
Cas9/gRNAs delivered by lentiviral transduction or plasmid
transfection have a longer half-life relative to Cas9–RNP
complexes delivered through electroporation. Furthermore,
Cas9-RNPs are active immediately post-delivery due to no lag,
however, protein synthesis occurs. A reported study has been
revealed that LNPs can efficiently deliver Cas9-RNP (71). Viral
vectors, such as adenovirus, lentivirus, and adeno-associated
virus (AAV) vectors have been used for delivery in clinical
trials. Lentiviral vectors have been derived from HIV that
provide stable and efficient delivery and can infect dividing
as well as non-dividing cells, including the brain cells. Viral
genes, such as vpr, vif, and nef are not needed for packaging.
Therefore, the underlined genes are deleted while the expression
of packaging genes are provided on separate plasmids to decrease
the probabilities of reconstruction of wild-type virus (103).
Moreover, lentiviral vectors are not suitable for therapeutic uses
due to integration but this risk can be lowered via IDLV (104).
Adenoviruses are viruses containing a linear double-stranded
DNA genome of around 36 Kbp in length with four early and
five late transcription units. The majority of the vectors are based
upon adenovirus type 5 (Ad5). A recombinant virus has been
constructed by removal of the early gene E1 or E1 plus E3 and
grown in a packaging cell line that shows the expression of
E1 to form infectious recombinant virus. Adenovirus can infect
dividing as well as non-dividing cells and not show integration
into the host genome (104).

Despite these applications, lentivirus and adenovirus vectors
having some drawbacks, particularly safety problems associated
with their immunogenicity (105). AAV vectors have significantly
lower immunogenicity. AAV is a 4.7 Kb single-stranded DNA
virus that needs E1 for the packaging of infectious viruses
and can transduce dividing as well as non-dividing cells. In
infected cells, the AAV genome can persist in an episomal form,
but infrequently shows integration in the host genome. The
most commonly used vectors for delivery of Cas9 are AAV
because these vectors are very efficient and low immunogenic
(106). However, the large size of the Cas9 endonuclease is
a complication in its effective delivery with the gene for
Streptococcus pyogenes Cas9 being about 4.2 Kb, while the size
limit for AAV is between ∼4.5 to 4.9Kb (Figure 1). Ran et al.
(108) described Cas9 orthologs and revealed that Streptococcus
aureus (SaCas9) shows similar potency of editing to SpCas9, but
is over 1Kb shorter and can specifically and efficiently perform
gene editing. In recent years, the isolation of another Cas9
ortholog has been carried out from Campylobacter jejuni, which
is shorter with a size of 2.95Kb (109). It has been revealed that

the packaging of the CjCas9 gene could be performed in an AAV
vector along with gRNA and a marker gene for the generation of
high viral titers that may deliver more specific CjCas9, and was
revealed to be a targeted endonuclease.

CRISPR APPLICATIONS IN CANCER
RESEARCH

Cancer is a disease of aberrant cell signaling that occurs due
to a variety of genetic and epigenetic alterations in DNA.
These alterations include the oncogenes, which enhance cell
proliferation, and the tumor suppressors, which regulate cell
growth and metabolism. The underline alterations lead to cancer
progression. Nowadays, the ability of CRISPR to correct such
cancer-associated alterations is an important objective for cancer
diagnosis, cancer therapy, and other related applications. Hence,
CRISPR is a promising tool that has been widely adopted in
oncology research (Figure 2) with focusing on; animal tumor
model construction, the discovery of new drug targets; cancer
gene therapy, genetic screening related to drug resistance, and
many others. In the below section, some of the promising
applications of CRISPR in cancer research are summarized.

CRISPR for Tumor Research Modeling
Understanding complex mechanisms at the molecular level
that drive tumor progression is a crucial step to advance
therapeutics development. Usually, tumors arise due to multiple
gene mutations, and this complexity makes it difficult for the
development of full-pledge cancer models. In this view, the
CRISPR system was considerably used to establish rapid tumor
models, both in vitro and in vivo. These models allow identifying
the genetic determinants and a comprehensive detail of the
mechanisms that underlying tumor occurrence, progression,
and development.

The generation of in vitro cancer model, while using
CRISPR/Cas in mammalian cell lines with single or multiple
gene(s) deletions is now easy and feasible (110), such as CRISPR-
based mediated silencing of MELK, a cancer drug (OTS167)
target in several clinical trials. The inactivation of MELK via
CRISPR remains sensitive to OTS167 and does not affect the
potency of cancer-derived cell lines. The underlined study
explores the use of CRISPR that accelerate targeted cancer
therapy research (111). Furthermore, CRISPR is applied to knock
in or knock out functional alleles to develop drug resistance in
vitro. CRISPR makes it possible to quickly evaluate candidate
genes or specificmutations, associated with drug resistance (112).
In this regard, a study was performed using CRISPR to identify
mutations in crucial genes involved in therapeutic resistance that
might be used for drug developmental strategies. For instance,
NAMPT has been identified as the main drug target for the
anti-cancer agent i.e., KPT-9274 (113). CRISPR, a versatile tool
can be utilized to explore the genetic complexity of human
cancermalignancies, such as myeloidmalignancies, a malignancy
that is driven by mutations in several genes, including Dnmt3a,
Trp53, Tet2, Runx1, Ezh2, Smc3, Nf1, and Asxl1. By using the
CRISPR system in single mouse hematopoietic stem cells, up
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FIGURE 1 | The CRISPR/Cas9 mechanism of action. Permission from (107).

FIGURE 2 | Methods for delivery of Cas9-sgRNA complex to cell (A) Microinjection based delivery of Cas9-sgRNA (B) viral vector (AAV) based delivery (C) Lipofection

(D) Cas9-sgRNA complex delivery into mammalian cells via Cell-penetrating peptides (CPP) revealed considerable genome editing with elevated level efficiency. With

permission (107).
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FIGURE 3 | CRISPR/Cas systems applications in tumor research, drug

development, and cancer therapies.

to 5 genes were modified that induce the myeloid malignancies
in mice (114). This study highlights the role of multiple gene
mutations in cancer. CRISPR/Cas systems can be used to
establish an in vivo tumor model. In exploring a complex
mechanism of tumorigenesis, the in vivo cancer models play a
critical role in the finding of key events i.e., pathogenesis and
drug resistance. For example, the CRISPR system was used to
attain mutations in important genes; P53, Kras, and Lkb1 in
mice. These modifications/mutations in mice led to pathological
changes in lung adenocarcinoma (115). The delivery of CRISPR
cargoes into the living system plays an important role in model
generation. For example, a lentiviral vector system used to deliver
CRISPR into the desired target organs in vivo that create specific
malignancy models (Figure 3) (116, 117).

CRISPR-Based Screening Approaches in
Cancer
CRISPR is effectively utilized to facilitate the discovery of
next-generation targets or candidate genes that are sensitive or
resistant to cancer therapy. Using the CRISPR system, several
genetic screening studies were performed in vitro. It has been
reported that in melanoma, the CRISPR library was applied
to find the drug resistance mechanism of vemurafenib (PLX),
an inhibitor of the BRAF protein kinase. In this study, new
PLX-resistant candidates namely; TADA1, TADA2B, CUL3, and
NF2 have been revealed (118). Moreover, using cell lines, the
CRISPR screening has been utilized to identify oncogenes,
and tumor suppressors in vivo (119, 120). The study showed
the loss-of-function genetic screens and in vivo tumor mice
models using CRISPR, and confirmed candidates gene and the
pathways that are connected in the sensitivity and development
of resistance to cancer immunotherapy (121). Strong evidences

have highlighted the role of the Cas9 system in combination
with RNA scaffolds that can be applied to induce site-specific
epigenetic and transcriptional modifications while targeting a
crucial region of the OCT4 promoters (122, 123). The OCT4 gene
is recognized as one of the key players, which plays a critical role
in tumorigenesis and therapy resistance.

Targeting Gene Regulation in Cancer
In cancer, gene regulation has affected both post-transcriptional
and translational modifications that evolve cancer cells to survive
and adapt within the microenvironment. For example; the
Knockdown of micro RNAs (miRNAs) that enhance tumor
initiation and development can prevent tumor occurrence,
development, and anti-cancer therapy resistance. In this view,
a study found a knocked-out miR-17 in colorectal cell line and
injected into nude mice (124). The obtained results showed
a stable gene-phenotype even after 2 weeks in tumor tissue
which indicated that CRISPR can play a critical role in targeting
miRNAs and can effectively target tumorigenic miRNAs. In
cancers, abnormal expression of epigenetic regulatory genes
plays an important role in tumorigenesis processes. Targeting
acetyltransferase p300 (associated with a catalytic histone H3
lysine acetylation) using CRISPR system can activate gene
promoters and co-regulatory components, which in turn
facilitate the expression of the target gene and the associated
genes (125).

Tumor Immuno-Regulation and
Immunotherapy Approaches
Tumor immune escape is one of the key mechanisms
of the cancer cell to survive and adapted in the tumor
microenvironment, while the immune system unable to
recognize it. Subsequently, tumor cells leash the immune cells
through multiple pathways and thereby tumor cell progression
and metastasis occur. Cancer immunotherapy is considered as
an attractive strategy to target cancers and emerged as a potential
therapeutic modality for the treatment of cancers. However,
issues are existing to make it more precise for cancer patients
(126, 127). In recent years, genetically engineered T cells against
tumors have shown remarkable therapeutic effectiveness and
performance. In human immune system, T cells play crucial
roles in protecting the human body from infection by pathogens
and eliminating mutant cells through specific recognition by
T cell receptors (TCRs). Cancer immunotherapy utilizes the
TCRs based recognition strategy to enhance the antitumor
efficacy of T cells through releasing the inhibition of immune
checkpoints and expanding adaptive immunity by promoting
the adoptive transfer of genetically engineered T cells. T cells
genetically equipped with chimeric antigen receptors (CARs)
or TCRs have demonstrated significant effectiveness in treating
different hematological disorders. However, themain issue of this
approach is limited efficacy of engineered T cells in treating solid
tumors. CRISPR system provides a new way to make engineered
T-cells more efficient for the clinical treatment of different types
of cancers (128). Moreover, the production of chimeric antigen
receptor T (CAR-T) cells are significantly associated with the
cancer therapy. Using CRISPR/Cas9, T-cells are genetically
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engineered in vitro, where the genes have been inserted and CAR
protein have been expressed on the cell-surface that activated
and recognized antigen on malignant cells very efficiently (129).
Currently, several clinical trials are underway, using CRISPR
for cancer immunotherapy applications (clinicaltrials.gov).
However, several efficacy and safety challenges still exist on using
CRISPR/Cas for clinical applications.

CONCLUSION AND PERSPECTIVES

The precipitous development in CRISPR technologies to their
versatile and precise genome engineering in the last few years
has been spectacular. These versatile tools now consider as
an umbrella term, which revolutionized the life sciences and
enabling advances in basic research for a variety of applications.
It is believed that CRISPR can be established in clinics that
can offer many therapeutic opportunities for treating human
diseases, including cancer. Continued progress to improve
and revolutionize new ways to deliver genome engineering
tools into cells, and advance their capabilities to edit can
implement these technologies for many therapeutic applications.
CRISPR/Cas systems are widely utilized in tumor research for
many applications both in vitro and in vivo models. Several
clinical trials are currently underway, using the CRISPR/Cas

system to accelerate or making the therapies more reliable to
treat cancer effectively. However, extensive research work is still
required to develop and applied these technologies in clinics.
These technologies can provide wide-ranging opportunities for
specific and desired genome engineering and can become a
potent asset for the modern era of medicine. Continuous efforts
to understand all their pitfalls, improving editing capabilities, and
advances in the delivery systems will ensure the CRISPR system
for the full potential to benefit society in near future.
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Objective: To identify and analyze themulti-slice computed tomography (MSCT) imaging

manifestations and clinicopathological features of PSP to improve the preoperative and

intraoperative diagnosis of the disease.

Method: This was a retrospective study conducted on the imaging and

clinicopathological data of the PSP patients treated in two major hospitals in China from

October 2001 to December 2019. The locations of lung lesions, clinical symptoms,

surgical complications, MSCT imaging features, and the corresponding relationship

with clinicopathological features were assessed. Then, a new diagnostic approach was

defined and used to train imaging and pathological doctors (experimental group). Then,

the diagnostic accuracy of the experimental group was evaluated in preoperative and

intraoperative diagnosis of PSP.

Results: Thirty-four PSP cases were analyzed (mean: 51.42; range: 39–69 years

old). The peripheral type was more common, while 92% of the lesions located in the

middle lobe of the right lung and the lower lobe of bilateral lungs. The shortest lesion

edge-pleura distance ranged 0 to 30mm and 46% of the lesions (16/34) were attached

to the pleura, 62% (21/34) located at 0–5mm, 92% (31/34) within 20mm from the

pleura. Diameters of the lesions ranged 8.58 to 68.41mm, while most of them were

20-40mm. All lesions showed enhancement, and 97% (33/34) were unevenly enhanced.

PSP volumewas negatively correlated with the total degree of enhancement (r =−0.587,

p < 0.01), and the volume difference between the obvious enhancement zone and the

slight enhancement zone (r = −0.795, p < 0.01). Welt vessel sign was observed in

61.7% (21/34) of cases, and none of welt vessels entered into the lesions. Vascular-like

enhancement area inside the lesion showed no significant correlation with the welt

vessels outside the lesion, and no case showed entrance of bronchus into the lesion.

The trained experimental group showed significantly greater diagnostic accuracy than the
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control group. In particular, the accuracy rate of intraoperative frozen section diagnosis

was 60% higher in the experimental group than the control group.

Conclusion: PSP has characteristic imaging manifestations, which can be utilized to

improve the preoperative and intraoperative diagnostic coincidence rate of PSP.

Keywords: pulmonary sclerosing pneumocytoma, pathology, multi-slice computed tomography, image

pathological control, diagnosis

INTRODUCTION

Pulmonary sclerosing pneumocytoma (PSP), formerly known
as pulmonary sclerosing hemangioma (PSH), was first reported
by Liehow and Huhell in 1956 as an uncommon lesion with
an uncertain origin (1). PSP manifests a pulmonary neoplasm
with a complicated and an undefined histogenesis. It was later
found to be a tumor in the lung parenchyma that originated
from type II alveolar epithelial cells and had a successful clinical
process (2, 3). World Health Organization (WHO) (2015) has
histologically classified lung tumors and renamed it as pulmonary
sclerosing pneumocytoma and identified as a lung adenoma
(4). PSP has been reported as the most common benign tumor
in the lung, while the incidence rate was relatively high in
East Asia. More than 80% of cases occurred in middle-aged
women > 50 years of age (5, 6). Since most PSPs were
discovered by accident, there were no typical reliable clinical
manifestations, and the accuracy rate of the intraoperative frozen
section (FSS) was 44.1%, while the delay rate was 15.3% (4).
Despite of benign nature, PSP represents a diagnostic challenge
due to its controversial etiology and biologic behavior, as
well as the diversity of pathohistological findings. The main
diagnostic challenge of PSP is that it represents a diversity of
pathohistological findings (7). Therefore, the diagnostic accuracy
of the preoperative imaging is particularly important. Moreover,
definitive diagnosis of PSP currently relies mainly on surgical
pathology because the preoperative imaging modalities show
poor specificity.

Computed tomography (CT) imaging modalities have shown
significant diagnostic and differential diagnostic values for
different lung disorders (8–12). PSPs comprise of 4 major
histologic patterns with different proportions including
hemangiomatous, papillary, sclerotic, and solid. These patterns
manifest demonstrate various CT features depending on the
composition of PSP (13–18). Studies have demonstrated that
CT imaging particularly multi-slice CT (MSCT) imaging offer
promising diagnostic values for early or differential diagnosis of
different pulmonary lesions and disorders including tuberculosis
and diffuse peritoneal lesions (12, 16, 18–20). Meng et al.
retrospectively analyzed CT imaging manifestations of three
common diffuse peritoneal lesions to evaluate the diagnostic
and differential diagnostic value of CT in diffuse peritoneal
lesions (19). They analyzed features of CT imaging in patients
with diffuse peritoneal lesions (72), including 16 cases with
tuberculous peritonitis (n = 16), peritoneal metastasis (21),
and peritoneal mesothelioma (22). They reported that specific
features of CT images have significant diagnostic values for

the differential diagnosis of peritoneal diffused lesions. These
features are the location of peritoneal lesions, morphology,
ascitic fluid and lymph nodes. He et al. retrospectively analyzed
the CT features of PSP in 33 patients (confirmed by pathology)
to improve the correct rate of CT in diagnosis of PSP. They
scanned all patients with plain CT scan and in 29 patients they
performed simultaneous CT enhanced scan in addition (18).
They reported that PSP is often manifested as a single round soft
tissue density nodule. Enhanced scan is characterized by obvious
enhancement and continuous enhancement of delayed scan,
with some characteristic concomitant signs. They concluded
that by considering the variations in CT images associated by
age and sex, the diagnostic accuracy of CT images could be
improved (18). Reviewing the findings of CT imaging studies
in PSP cases it can be clarified that PSP usually manifests as a
well-defined, juxta-pleural nodule with strong and homogeneous
enhancement on CT (13–16, 23).

Few studies have so far evaluated CT findings of PSP
and analyzed the imaging features to determine its pathologic
correlation (14, 22, 23). However, the main issue with the
previous studies is that the sample size was very small and
more importantly the clinical practice still suffers limitations
in diagnosis of PSD. These limitations are mainly because the
currently used preoperative imaging modalities based on these
studies suffer poor specificity and slow process.

The present study was aimed to summarize and evaluate
the corresponding relationships between the clinical-pathological
features and the MSCT imaging manifestations of PSP in order
to improve the preoperative and intraoperative diagnosis of
the disease.

MATERIALS AND METHODS

Study Design and Population
All experimental procedures of this study were approved
by the local ethics committee of Xiangya Hospital, Central
South University, Changsha, China (Code: 202006082) that
are in complete accordance with the ethical standards and
regulations of human studies of the Helsinki declaration
(2014). A total of 34 cases of PSP, who were diagnosed with
surgical resection, pathology, and immunohistochemistry, were
selected from Xiangya Hospital of Central South University
and the First People’s Hospital of Pingjiang County, Hunan
Province, China from October 2001 to December 2019. The
MSCT and pathological data of patients were reviewed. The
related information, including gender, age, tumor size, tumor
location, pathological features, and imaging manifestations, were
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FIGURE 1 | (A–E). H &E staining (A–C), nipple area: surface cubic cells covered on the nipple surface and polygonal cells in the nipple interstitium can be observed

(A) Solid area: cells were dense, the size was the same, and it was in the shape of a sheet (B) Hemangioma-like area: the vasculature-like space dilation, which filled

with a large amount of fresh red blood cells. (C) Sclerosing area: a large amount of collagen fibers was observed, in which various inflammatory cells and adenoid-like

structures lining with a small amount of surface cubic cells. TTF-1 (E) Surface cubic cells and polygonal cells were positive.

recorded. None of the selected cases were combined with
malignant changes, and the cases of intra-lung metastasis of
lung cancer or metastatic lung cancer were excluded. The
basis and classification of the pathological diagnosis were
referred to WHO (2015) for the histological classification
of lung tumors.

Preparation of Tissue Samples
All specimens were fixed with 3.7% neutral formaldehyde,
dehydrated routinely, and embedded in paraffin to make wax
blocks. A paraffin block with tumor tissues was selected, and each
paraffin block was cut into a 4µm thick section for Hematoxylin

and eosin (H&E) staining procedure (Figure 1). The slice was
then observed under a light microscope. They were read by two
attending physicians with relevant experience in the pathology
department. If any inconsistencies found, then a third deputy
chief physician in the pathology department was jointly discussed
and decided.

MSCT Scanning Technology and
Parameters
For the MSCT imaging we used the most recommended imaging
protocol for focal and diffuse lung diseases recommended in
literature and according to the instructions of the manufacturer
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(24, 25). pulmonary lung The GE LightSpeed 64-slice Volume
Computed Tomography (VCT) (GE Healthcare) with Nemoto
high-pressure injector were used for image acquisition with the
scan parameters of 120 kV and 10–400mA. Automatic tube
current modulation (ATCM) technology was used in which
the noise index (NI) value was 15, the screw pitch 0.984: 1,
speed 0.5 s, collimation width 64 × 0.625mm, scanning layer
thickness/layer interval 5mm, reconstruction layer thickness

FIGURE 2 | (A,B). MSCT multiplanar reformation and simulation of gross

specimen cut (A). The gross specimen of PSP had a clear boundary and was

easy to disassociate from the surrounding lung tissues. The cut surface was

apricot-white-gray to yellow-brown, with a medium texture, and dark red

bleeding areas can be observed (B).

1.25mm, and reconstruction interval was 0.5mm. The subject
was taken a supine position with feet entered first, the hands
were straight up and raised with support. The scanning range
was from the entrance of the rib cage to the bottom of the
lungs. The scan was completed under a state of deep breath
inhalation. Non-ionic contrast agent ioversol (concentration was
320mg I/ml) was used, 60–75ml contrast agent was injected
through the right median cubital vein using a 20G indwelling
needle at an injection rate of 3.0 ml/s, followed by an injection of
30ml normal saline at the same flow rate. Two-phase scanning
was performed, while the arterial phase delay time was 25 s,
and the parenchyma phase delay time was 60–70 s. After the
scanning was completed, the reconstructed cross-section thin
slice images were transferred to the AW4.5 workstation for
post-processing, including multi-planar reconstruction (MPR),
planar reconstruction (CPR) and volume rendering (VR). In
the imaging protocol, the window settings (window-width and
window-level values) were defined as follows. For mediastinal
imaging (window width: 350 Hounsfield unit (HU); window-
level: 40 HU) and for lung imaging (window width: 1200 HU;
window level:−600 HU).

Evaluation and Measurement of MSCT
Imaging Manifestations
Evaluation Methods
The MSCT image data of 34 patients were reviewed by two
attending physicians with specific expertise in the radiology
department. If any discrepancies found, then a third Deputy

FIGURE 3 | (A–C) H & E staining, papillary stromal and hemangioma-like area filled with a lot of fresh red blood cells (A). At high magnification, some nipples are

immature and migrate to the hemangioma-like areas (B). The space between these immature nipples is more obvious and communicates with the

hemangioma-like area (C).
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FIGURE 4 | (A–D). Comparison of MSCT imaging manifestations (A) and

pathological features (B) of PSP nipple areas and hemangioma-like areas.

Comparison of MSCT imaging manifestations (C) and pathological features

(D) of PSP solid areas and sclerosing areas.

Chief Physician in the radiology department was jointly discussed
and decided.

Similarly, the pathological section data of 34 patients
were reviewed by two attending doctors in the pathology
department with relevant experience and followed the same
protocol as above.

Contents and Standards of Image Evaluation
The collected MSCT images were evaluated as per the
following procedures.

1. The tumors were examined by their site and location, the
shortest distance between the edge of the lesion and the
pleura, morphology, size, density, etc.

2. External signs of tumors on MSCT have been identified by
welt vessel sign, halo sign, air crescent sign, calcification,
necrosis, cystic changes, lobulation sign, atelectasis, pleural
traction and thickening, enlargement of hilar and mediastinal
lymph nodes, etc.

3. Internal features of tumors onMSCTwere evaluated using the
image analyses. According to the net increased CT value, that
was, the absolute value of the difference between the CT values
of enhanced scan and the plan scan, referring to the Swensen
standard (26), it was divided into a non-enhanced area
(increased CT value <15 Hu), a marginally enhanced area
(CT value increased by 15–25 Hu), a moderately enhanced
area (CT value increased by 25–45 Hu), and a significantly
enhanced area (CT value increased by> 45 Hu).

Contents and Standards of Pathological Evaluation
The pathological evaluations of the samples were conducted
using conducted as follows:

1. Basic information on the size, location, central or peripheral
type, and overall morphology of the tumors were examined
and recorded by an expert oncologist.

2. Microscopic histopathological observations were done on
H&E stained transverse section of the samples included two
types of cells (surface cubic cells and polygonal cells) and
four structures (nipple area, sclerosing area, solid area, and
hemangioma-like area) while atypia cell was not visible, but
foam cells were often present.

3. Immunohistochemical characteristics were achieved by
diffuse TTF-1 positive expression when CK7 was expressed
only on the surface of the epithelium.

Measurements
The measurements were performed as per the following steps:

1. When the long diameter of the lesion was higher than 10mm,
three consecutive levels were measured. If the CT value was
>10 HU, the median value was considered. If the CT value of
the three levels was equal or <10 Hu, then, the average value
was considered.

2. If the long diameter of the lesion was <10mm, the CT values
of only 1–2 layers were measured, and the average value
was taken.

3. When the range-of-interest (ROI) was>70% of the lesion, the
selected measurement area avoided the necrosis, cystic, and
calcification regions as much as possible.

Considering the above terms and criteria, the collected MSCT
images were evaluated and the imaging features were recorded
and sorted in the specific tables for further analyses (Figure 2).
For each variable, three independent measurements were
performed, and the averaged value was considered along with the
standard deviation (SD).

Performance of a New Diagnostic Method in Clinical

Setting
The performance and accuracy of the new diagnostic method
were evaluated as per the following scenario:

5.1. Five radiologists were selected as an experimental group
(one Deputy Chief Physician, two attending physicians,
and two physicians), and the new diagnostic approach
summarized above was used for teaching. Another five
radiologists were selected as the control group (1 Deputy
Chief Physician, two attending physicians, and two
physicians), and the traditional diagnostic method was used
for teaching. Both groups of physicians had a double-
blind model, qualifications, years of experience, degrees,
and proportions were the same. There was no statistically
significant difference in composition ratios of age and
gender. After the lecture, the two groups of doctors read
the same set of PSP (pathologically confirmed) image data
respectively and diagnosed the images. The coincidence
rate of image-pathological diagnosis has been statistically
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analyzed. There were 10 cases in each group, 1 point was
awarded for each correct diagnosis.

5.2. Three radiologists were selected as an experimental group
(1 Deputy Chief Physician and two attending physicians),
and the new diagnostic method, summarized earlier was
taught to them. The main features of the images, important
to reach a diagnosis along with the samples were used
to train the experimental group as the new diagnostic
imaging. Another three radiologists were selected as the
control group (1 Deputy Chief Physician and two attending
physicians), and the standard diagnostic approach was
used for teaching. Both groups of doctors used a double-
blind model, qualifications, years of practice, degrees, and
proportions were the same, and there was no statistically
significant difference in composition ratios of age and
gender. After the training course, the two groups of doctors
read the same set of PSP (pathologically confirmed) image
data respectively and then diagnosed the images. The
coincidence rate of image-pathological diagnosis has been
statistically analyzed. There were 10 cases in each group, 1
point was awarded for each correct diagnosis.

STATISTICAL ANALYSIS

6.1. Chi-square test and Fisher’s exact probability method were
used to evaluate the relationship between the type and extent
of the MSCT enhancement, pathological characteristics,
and various pathological tissue structures of the PSP. A
multivariate regression model (Logistic model) was used to
analyze the correlation between clinicopathological features
and MSCT imaging of PSP and age, gender, location, the
shortest distance between lesion margin and pleura, and
histological types. All tests were two-sided, while P < 0.05
was considered as statistically significant. Statistical package
for social sciences (SPSS) (version 21) package was used for
statistical analysis.

RESULTS

Clinical Characteristics
A total of 34 patients with PSP were selected. There were 1 male
(3%) and 33 females (97%), with a minimum age of 39 years,
maximum age of 69 years, the average age of 51.42 years, and a
median age of 52 years. The age was normally distributed. Among
them, 14 cases (41.17%) were <50 years of age, and 20 cases
(58.83%) were more than or equal to 50 years of age. Except
for two cases of long-term cough and one evidence of blood in
sputum, the remaining 31 cases were all identified by physical
examinations. The median age of this group of cases was older
than that reported in some literature at home and abroad, which
may be because the recommended age of physical examination
for LDCT was > 40 years old in Hunan Province, China. Since
most PSPs were discovered by chance and did not have traditional
and reliable clinical manifestations, the present study did not
consider the impact of clinical signs and symptoms of PSP on the
results of the research.

MSCT Plain Scanning Manifestations
Distribution
The results of the examination showed that all the 34 cases were
single isolated lesions. They were located in the middle lobe of
the right lung in 10 cases, the inferior lobe of the right lung in 10
cases, superior lobe of the left lung in 2 cases, inferior lobe of the
left lung in 11 cases, and hilus pulmonis in 1 case.

Size
The long diameter of the lesion ranged from 8.58 to 68.41mm,
the small one was 8.58mm, and the largest was about 68.41mm.
Most of the lesions ranged from 20 to 40 mm.

Lesion Margin-Pleura Shortest Distance
The shortest distance between the lesion margin and the pleura
was between 0.00 and 29.16mm. Among them, the lesion was
grown attached to the pleura in 16 cases that was, the distance
was 0.00mm, the distance was 0–5mm in 21 cases, 0–10mm
in 25 cases, 0–20mm in 31 cases, and > 20mm in three cases
(Figure 3).

The Relationship Between the Lesion Size
and the Distance From the Pleura
Through the Logistic model analysis, there was no significant
correlation between the lesion size and the shortest distance from
the pleura (R2 = 0.066).

MSCT Enhancement Manifestations
Enhancement Form, Degree, and Characteristics
Among the 34 cases in this group, except for one PSP nodule
with a long diameter of 8.58mm, which was almost uniformly
enhanced, the remaining cases showed uneven enhancement.
The CT value of the apparent enhancement area in the lesion
increased by an average of 67.06 HU, while the CT value of most
lesions increased by 40–70 HU (Figure 4). The CT value of the
slight enhancement area increased by an average of 16.22HU, and
the CT value of most lesions increased by 10–20 HU. The lesion
was negatively correlated with the total degree of enhancement (r
=−0.587, p< 0.01), and negatively correlated with the difference
in volume between the obvious enhancement area and the slight
enhancement area (r = −0.795, p < 0.01), that is, the smaller
the lesion volume, the larger the obvious enhancement area, the
smaller the slight enhancement area, the larger the lesion volume,
the smaller the obvious enhancement area and the larger the
slight enhancement area.

The Relationship Between Blood Vessels, Bronchus,

and Lesions
Of the 34 cases in this group, 21 cases showed signs of welt
vessel (61.7%), but none of these welt vessels entered the lesion,
and there was no obvious correlation between the vascular-
like enhancement area inside the lesion and the welt vessels
outside the lesions. All the 24 cases had no bronchial entry into
the lesions.
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Pathological Manifestations
Gross Specimen
The 34 cases of PSP in this group had clear boundaries and
were easily dissociated from the surrounding lung tissues. The
colors of the cut surface were apricot-white-gray to yellow-
brown, with a medium texture. In some cases, dark red
bleeding areas, hemosiderin deposition areas, and calcification
have been observed. In all cases, no mediastinum, hilus
pulmonis, parabronchial, or interlobar lymph node metastasis
were observed.

Microstructures
One case showed that the sclerosing area was not obvious, and the
remaining 33 cases showed all four growth patterns (nipple area,
sclerosing area, solid area, and hemangioma-like area). None of
the cases showed one growth pattern. Among 34 cases, the solid
area was dominated in 11 cases (32.3%), the sclerosing area was
dominated in 9 cases (26.4%), the hemangioma-like area was
dominated in 10 cases (29.4%), and nipple area was dominated
in four cases (11.7%).

Immunohistochemistry
In all the 34 cases, immunohistochemical analysis showed
positive expression of TTF-1 in polygonal cells and surface
cubic cells.

EVALUATION OF IMAGING AND
PATHOLOGICAL DIAGNOSTICIANS

The assessment results of the experimental group (nine points
for imaging diagnosticians and eight points for pathological
diagnosticians) were significantly higher than those for the
control group (six points for imaging diagnosticians and five
points for pathological diagnosticians). In particular, the accuracy
of intraoperative frozen section diagnosis was 60% higher in the
experimental group than that in the control group.

DISCUSSION

There were 33 females in this group of patients with
PSP. Devouassoux-shishebonar et al. (27) investigated the
immunohistochemistry of 100 cases of PSP and found that
sex hormone receptors, especially progesterone receptors, were
expressed in most of the PSP ring cells, suggesting that the high
incidence in women was related to female hormones.

Statistics analysis revealed that all 34 cases of lesions in
this group occurred in the lungs, with a peripheral type of
97%, in which 92% of the lesions (31/34) were within 20mm
from the pleura, and 46% of the lesions (16/34) were grown
with attachment to the pleura (including mediastinal pleura and
interlobular pleura). We believe that this sign can be used as one
of the reliable features of preoperative imaging diagnosis for PSP.
The histological reasons for this feature are currently unclear and
may be related to the fact that PSP originates from type II alveolar
epithelial cells, but further research is still needed.

Interestingly, lung adenocarcinoma, which also originates
from type II alveolar epithelial cells, also occurs primarily in the
extrapulmonary area. Of course, PSP and lung adenocarcinoma

have obvious histological and imaging differences that will not be
repeated here.

PSP originates from type II alveolar epithelial cells and is
an intraparenchymal tumor with well clinical processes (2, 3).
The growth pattern is the real expansive growth. It originates
from a primary structure bud and can be continuously replicated
based on that structure, pushing outwards. Since it is not
invasive, theoretically, it is impossible to pass through natural
pulmonary arteriovenous and bronchial tubes. Pathological data
have confirmed that the hemangioma-like PSP components are
not a real vascular structure, and there are no normal pulmonary
blood vessels and bronchial structures in PSP. While reviewing
the MSCT imaging findings of this group of patients, 15 cases
showed welt vessel signs, but none of them entered the lesion. In
all 24 cases, no bronchus came the lesion, and the results obtained
from imaging analysis were fully consistent with the pathological
features. Therefore, we believe that this sign can be used as the
second reliable feature of PSP for preoperative imaging diagnosis.

Among the 34 cases in this group, except for one case
of PSP nodule with a long diameter of 8.58mm, that was
almost uniformly enhanced, the remaining cases showed uneven
enhancement. Besides, the smaller the volume of PSP lesions,
the greater the proportion of obvious areas of enhancement,
and the smaller the proportion of slight enhancement areas.
In contrast, the larger the lesion volume, the smaller the
proportion of obvious enhancement areas, and the higher the
proportion of slight enhancement areas. Pathological specimens
showed that the smaller the lesion volume, the higher the
proportions of both hemangioma-like and nipple areas on the
tissue configuration, and the lower the proportions of solid and
sclerosing areas. In contrast, the larger the lesion, the higher
the proportions of solid and the sclerosing regions, the lower
the proportions of both hemangioma-like and nipple areas. By
combining high magnification observations, fresh red blood cells
with complete morphology can be seen in the interstitial space
of the hemangioma-like regions and the nipple areas, suggesting
that these gaps can be connected to the hemangioma-like areas
through specific channels. In addition, the nipple areas aremostly
migrating with the hemangioma-like areas, which can better
explain the connectivity between the two. The essence of the
hemangioma-like area is that a cavity is filled with a large volume
of fresh blood, which includes many normal and intact red
blood cells, indicating its fluidity feature. Moreover, there are
tiny blood vessels in the interstitial space of the nipple areas,
but the cross-section of the lumen is far less than the interstitial
space. Combined with the MSCT imaging manifestation, the
obvious contrast-enhanced area corresponded to the nipple and
the hemangioma-like regions, and the slightly enhanced regions
corresponded to the solid area and the sclerosing area.

This characteristic of PSP is due to the clear expression of
CK, EMA, SP-B, and TTF-1 on the surface cubic cells, suggesting
that they originate from alveolar type II cells or have a tendency
to differentiate into alveolar type II cells (28). The polygonal
cells in the interstitium have clear expressions of Vimentin,
Syn, and weak EMA expression, indicating that the polygonal
cells in the interstitium have the potential for multi-directional
differentiation (29, 30). Nakatani et al. (31) and Wang Yan
et al. (32) concluded through immunohistochemical staining
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of PSP that polygonal cells and surface cubic cells are tumor
parenchymal cells in PSP tissues in different differentiation
directions, and both have the characteristics of mutual migration
in histology. As a result, PSP formation has undergone a process
of evolution from hemangioma type to the nipple type, the
solid type, and then to the sclerosing type. Combining the
pathological specimens and MSCT imaging manifestations, the
smaller lesions are mainly hemangioma-like and/or nipple types,
so the enhancement is obvious. With the extension of the course
of the disease and the increase of the lesion volume, the solid
and sclerosing structures of the lesion gradually increase and
are unevenly distributed, so that the degree of enhancement
on MSCT in this area is lower, making the entire lesion
appear unevenly enhanced. All 34 cases in this group have
the abovementioned features. Therefore, we believe that this
pathological feature of PSP and the derived MSCT imaging
manifestations can be used as the third reliable feature of
preoperative imaging diagnosis. There are several reports, which
described other external and surrounding traditional MSCT
manifestations of PSP tumors (such as welt vessel signs, halo sign,
false capsule signs, air crescent signs, etc.), and this study did not
repeat them here.

CONCLUSION

As a common benign tumor of the lung parenchyma,
PSP is frequently detected in middle-aged women. The
right lung is more common than the left lung, while the
inferior lobe is more common than the superior lobe. By
studying the correlation between clinicopathological features and
MSCT imaging manifestations, we believe that the following
features are reliable imaging signs for the preoperative and
intraoperative diagnosis of PSP. These imaging characteristics
can be summarized as follows:

1. It appears as close to the pleura.
2. There is no correlation between the lesion and its surrounding

blood vessels and bronchi.
3. After dynamic enhancement scanning, the lesion volume is

negatively correlated with the range of obvious enhancement
areas. With the extension of the disease and the increase
of the lesion volume, the area of the obvious enhancement
decreases, and the range of the slight enhancement area
increases, making the whole lesion appear unevenly enhanced.

4. While analyzing pathological frozen sections, it is important
to combine MSCT images, including enhanced scanning,
round non-lobulated, and surrounding halo bleeding, which
are found to be very intuitive features of the PSP.

5. There is no pulmonary artery and bronchus passing through
in frozen sections.

6. The center of the PSP nipple structure is the polygonal cells
rather than the fibrous blood vessel axis.

At the same time, the experimental group mastering the new
diagnostic approach scored nine points (imaging diagnostician)
and eight points (pathological diagnostician), respectively, while

the control group using traditional knowledge scored six
points (imaging diagnostician) and five points (pathological
diagnostician). Therefore, while grasping the knowledge of
traditional PSP imaging and pathological diagnosis, if we can
further apply the new knowledge we have summarized to the
clinic, the accuracy of preoperative and intraoperative diagnosis
will be significantly improved. Of course, our assessment subjects
are very limited, and there will be some errors in the statistical
results, but it cannot cover up the fact that the new diagnostic
method can significantly improve the accuracy of preoperative
and intraoperative diagnosis of PSP.

While PSP is a benign tumor, there are few reports
of case studies related to other malignant tumors or with
hilar, mediastinum, peribronchial, and interlobular lymph node
metastases. Dacic et al. (33) reported that the p53 gene on the 17q
arm of the PSP chromosome showed a high frequency of loss of
heterozygosity, which known to be a possible malignant tumor.
Wang Yan (34) investigated 19 cases of PSP and found that the
mutation rate of p53 genes in tissues was up to 15.8%, which was
similar to that of other malignant tumors, suggesting that PSP
may have possible malignant biological behaviors.

The malignant behaviors of PSP are expressed through lymph
node metastasis (7), but these features have been reported to have
no significant effect on the prognosis of patients (21, 35). Since
the mechanisms of lymph node metastasis of PSP are still not
clear, it is recommended that patients diagnosed with PSP and
treated with surgery should be followed up for a long period
of time. Although there is no reliable evidence of recurrence or
metastasis in the remaining cases except four in which loss of
follow-up occurred in this group, the outcome of this group still
requires long-term follow-up.
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Bladder cancer (BC) is the ninth most common cancer and the thirteenth most common

cause of mortality worldwide. Bacillus Calmette Guerin (BCG) instillation is a common

treatment option for BC. BCG therapy is associated with the less adversary effects,

compared to chemotherapy, radiotherapy, and other conventional treatments. BCG

could inhibit the progression and recurrence of BC by triggering apoptosis pathways,

arrest cell cycle, autophagy, and neutrophil extracellular traps (NETs) formation. However,

BCG therapy is not efficient for metastatic cancer. NETs and autophagy were induced

by BCG and help to suppress the growth of tumor cells especially in the primary stages

of BC. Activated neutrophils can stimulate autophagy pathway and release NETs in the

presence of microbial pathogenesis, inflammatory agents, and tumor cells. Autophagy

can also regulate NETs formation and induce production of reactive oxygen species

(ROS) and NETs. Moreover, miRNAs are important regulator of gene expression. These

small non-coding RNAs are also considered as an essential factor to control the levels

of tumor development. However, the interaction between BCG and miRNAs has not

been well-understood yet. Therefore, the present study discusses the roles of miRNAs

in regulations of autophagy and NETs formation in BCG therapy in the treatment of BC.

The roles of autophagy and NETs formation in BC treatment and efficiency of BCG are

also discussed.

Keywords: bladder cancer, Bacillus Calmette Guerin, autophagy, neutrophil extracellular traps, miRNAs,

biomarkers

INTRODUCTION

Bladder cancer (BC) is one of the several types of cancers arising from the tissues of the urinary
bladder and is the thirteenth most common cause of mortality and the ninth most common
cancer worldwide (1). Conventional factors such as tumor grade, stage, and lymphatic and vascular
extension, are utilized as prognostic markers and indicators for BC. However, the currently used
prognostic markers have a limited ability to predict progression, recurrence, metastasis, and
response to therapy (2). After the initial treatment of BC, a long-term follow-up is essential to
prevent BC recurrence. Generally, constant surveillance includes performing a cystoscopy every
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3 months for 2 years, then every 6 months for 2 years,
and eventually annually, supposing no recurrence (3, 4).
Bacillus Calmette Guerin (BCG), as live-attenuated strain of
Mycobacterium bovis, is considerably similar to Mycobacterium
tuberculosis in antigenic composition and has been used for
treating BC (5). In this respect, immune responses has important
role to combat with tumors. Neutrophils are the first leukocytes
that counteract against tumor and are able to produce some
special compositions that are neutrophil extracellular traps
(NETs) (6). Autophagy (autophagocytosis) is defined as the
general term for degradation of cytoplasmic components within
lysosomes, which is completely different from endocytosis-
mediated lysosomal degradation of extracellular and plasma
membrane proteins (7–11). Autophagy is classified into three
main types including macroautophagy, microautophagy, and
chaperone-mediated autophagy and in the medical literature
the term “autophagy” is usually referred to macroautophagy
unless otherwise specified. A highly specialized organelle called
the autophagosome mediates the whole autophagy process
through which damaged organelles and cytosolic components are
degraded into autophagolysosome, which is created by the fusing
autophagosomes with lysosomes (in metazoan cells) or vacuoles
(in yeast and plant cells) (12). Autophagy consists of several
successive stages mainly including sequestration, transport to
lysosomes, degradation, and utilization of degradation products
and each of these stages might exert different function. Several
studies have shown that BCG therapy can lead to activation
of NETs and autophagy, which both prevent tumor growth or
metastasis (13, 14). Another effective factor is the epigenetic
agents. MicroRNAs (miRNAs) are the non-coding small RNAs
that were identified to regulate expression of genes involved
in the control of proliferation, development, and apoptosis
(15). Additionally, findings of several animal model and
human studies have indicated that miRNAs might contribute
in suppressing the growth of tumor cells in a manner that
imbalance of miRNAs gene expression could result in excessive
proliferation of cancerous cells. In this regard, miRNAs play
a crucial role in prognosis of the BC especially initial phase
(16). Furthermore, miRNAs have also capacity to stimulate
autophagy and NETs formation in neutrophils and inhibit tumor
metastasis (17). BCG therapy could prevent recurrence and
progression of tumor in BC. However, dysregulation of some
cellular and molecular processes such as autophagy pathway
and NETs formation could result in metastasis stimulation in
BC (18). Dysregulation of miRNAs expression facilitates the
growth and proliferation of tumor cells and tumor invasiveness
can be promoted by autophagy process and NETs formation
(19). Interestingly, therapeutic options may serve as regulatory
agents to inhibit cancer progression and improve BCG therapy
efficacy through complex network of miRNAs, autophagy and
NETs, which can have significant effects on the efficacy of BCG
therapy in BC treatment (20–22). Although BCG therapy has
been administrated for BC treatment for decades, its therapeutic
efficacy should be more evaluated to elucidate the roles of
miRNAs in autophagy regulation and NETs formation and
their mutual interactions. Moreover, miRNAs are important
regulator of gene expression. These small non-coding RNAs

have been reportedly considered as pivotal factors controlling
and regulating the levels of tumor development. However, the
interactions between BCG and miRNAs have not been well-
understood yet. Therefore, the present study discusses the roles
of miRNAs in regulations of autophagy and NETs formation in
BCG therapy in the treatment of BC. The roles of autophagy
and NETs formation in BC treatment and efficiency of BCG are
also discussed.

BCG THERAPY IN BLADDER CANCER

Morales et al. was the first group reported the treatment efficacy
of BCG therapy for BC (23). After several clinical trials and strong
evidence on the efficacy of this technique, intravesical BCG has
been established as a standard treatment for high-risk, non-
muscle-invasive BC in different stages including lamina propria-
invasive tumors (stage T1), carcinoma in situ (CIS) (stage Tis),
and high-grade papillary tumors (stage Ta) (24, 25).

In these situations, BCG therapy could be correlated with
a decreased risk of recurrence compared with transurethral
resection alone, and the risk of progression to invasive disease
would also be reduced by using BCG therapeutic approach (26–
28). In addition, findings of the recent studies have demonstrated
that the effectiveness and therapeutic outcome of BCG therapy in
BC are comparable with intravesical chemotherapy, meanwhile
BCG therapy is more effective in decreasing the risk of tumor
recurrence, but the its toxicity can be more severe (29–31).

NEUTROPHILS AND CANCER

Neutrophils as a crucial element of innate immunity in any
organisms play important roles in responding to different
inflammatory and invading pathogens such as microbes, bacteria
and fungi (32). These predominant leukocytes are among the
first blood cells recruited to an inflammatory site (33). NETs
are a network of chromatin structure with related enzyme
including elastase, myeloperoxidase, and cathepsin G which were
released by stimulation with phorbol myristate acetate (PMA),
carcinogenesis substance. NETs can trap, neutralize, and kill the
extracellular bacteria, viruses, fungi, and parasites. Moreover,
NET release occurs initially through a cell death process termed
NETosis (34). This process begins with interrupt of the nuclear
envelope and continue with chromatin decondensation into the
cytoplasm of intact cells. Moreover, NETiosis can occur following
the secreted nuclear chromatin that is accompanied by the release
of granule proteins through degranulation (35).

Neutrophils have been reportedly to involve in different
biological functions including phagocytosis, secretion of chemo-
attractant and degranulation, and respiratory burst. Recent
evidence has demonstrated a new biological function for
neutrophils that is releasing of NETs (34, 36). NETs are
specialized network structures composing mainly of histones,
de-condensed chromatin, and effector cytokines, that is,
myeloperoxidase (MPO). The main strategy of neutrophils for
triggering immune defense response to prevent the invading
pathogenic microorganisms from escaping the immune system
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and expanding the infection, neutrophils first locate and capture
the pathogens through releasing NETs and subsequently trigger
other immune cells and initiate systemic immune defense.

NETosis AND CANCER

The role of NETs in tumor progression remains poorly
understood. The findings of the both animal and human studies
suggest a potential association between tumor progression and
intra-tumoral NET deposition in both experimental models and
in human cancer patients (36–38). Zychlinsky et al. evaluated the
presence of tumor-associated neutrophils (TANs) and NETs in
surgical resection specimens from eight patients with sarcoma as
determined by positive staining for extracellularmyeloperoxidase
(MPO) 25% of these patients (2 patients), demonstrated intra-
tumor NET deposition (36). These two patients developed early
relapse after performing post-neoadjuvant chemotherapy and
surgery, although the site was not specified in the study (36).
Therefore, it seems that Ewing sarcoma cells can stimulate TANs
to release NETs. The ability of tumor cells to involve neutrophils
to produce NETs has been displayed in a number of tumor
types. This phenomenon indicates the possibility that NETs
play a fundamental role in tumor biology (39). In this regard,
Demers et al. demonstrated that several tumor types including
lung neoplasms and mammary, hematologic are able to involve
circulating neutrophils to produce NETs (39). The evidence
presented in the literature thus far suggest that NETsmy promote
tumor progression within the primary tumor (40).

As previously stated, NETs have usually strong adhesive
characteristics, which enable them to bind pathogens and
platelets. It, thereby, seems to hypothesis that NETs also provide
intravascular networks facilitating tumor cell adhesion and
extravasation in hematogenous metastasis. Actually, neutrophils
is able to promote the arrest of circulating tumor cells, especially
under inflammatory conditions, which remarks at a role of NETs
in this process (41–43). Additional direct evidence arises from
a recent in vitro study demonstrating that lung carcinoma cells
display 4–5 fold increased adhesion to NETs as compared with
unstimulated neutrophil monolayers (37, 44).

Another important aspect which should be paid attention is
the role of neutrophil in the cancer microenvironment. In this
regard, some studies which has been recently performed in the
field of neutrophil roles in tumor microenvironment suggest that
neutrophil exhibit substantial plasticity which could be polarized
to an N1 antitumoral or N2 protumoral phenotype in response
to the microenvironment, the same of the M1/M2 macrophages
polarization (45, 46). Tumor-associated N2 neutrophils are
identified by high expression of VEGF, CXCR4, gelatinase B,
and MMP9 and can be induced on exposure to high TGF-β
levels. Vice versa, N1 neutrophils express immunopotentiating
cytokines and chemokines such as IFN-γ, CXCR3, and low levels
of arginase and also are induced on TGF- β blockade and are able
to eliminate cancer cells (45, 47).

In this regard, a performed study by Berger-Achituv et al.
showed that NETs have either pro– or anti-tumor function,
depending on factors such as tumor microenvironment and type

of cancer. For instance, within the microenvironment of the
tumor, TGF-β can induce TANs with pro-tumorigenic features.
However, TANs produce pro-inflammatory cytokines and have
tumoricidal activity without TGF-β (45).

In addition, neutrophils can enhance tumor growth
through production of matrix metalloproteinase (MMP)-9
that inhibits tumor cell apoptosis in the respiratory tract
and can increase tumor angiogenesis and neovascularization
(48, 49). Nevertheless, neutrophils can also have cytotoxic effects
on tumor cells by generating many types of reactive oxygen
species (ROS) (50, 51). Notably, in a study was demonstrated
that neutrophils inhibited metastatic seeding by secreting
hydrogen peroxide in a mouse model of breast cancer (52).
Neutrophils also secret defensins, which have anti-angiogenetic
characteristics and can lyse cancer cells, recruit dendritic cells
(DCs) as antigen presenting cell (53). NETs are thought to have
anti-tumorigenic effects, for example through activating immune
responses and killing of tumor cells. On the other hand, NETs
could have a pro-tumorigenic function by promoting metastases.
In fact, NETs may act to physically take tumor cells and inhibit
their dissemination to adjacent tissues. Various components of
NETs have been indicated to be cytotoxic to tumor cells. MPO
was demonstrated to destroy B-16 melanoma cells and prevent
their growth in mice after implantation (54). Interestingly,
patients with MPO deficiency probably have a high incidence of
cancer (7/14 patients, 50%) (55). NETs can eradicate activated
endothelial cell, may by histones, damaging tumor-feeding blood
vessels (56). NE produced by TANs cleaves Cyclin E to other
isoforms with lower molecular weight and therefore facilitates
their presentation to cytotoxic T cells (CTLs) (57). Indeed,
NETs have a modulatory role to establish the bridge between
innate and adaptive immunity by activating plasmacytoid DCs
through toll-like receptor 9 (TLR9), an intracellular receptor
that preferentially binds DNA. NETs have capability to prime
T cells by TCR signaling that implicates direct contact (58).
Alternatively, NETs, which contain different proteases, could
represent a pro-tumorigenic activity by degradation of the
extracellular matrix and increase metastasis. NETs may also
create a hurdle between cancer cells and the immune system,
thereby collaborating with cancer cells to evade from immune
recognition. Consequently, it has been reported that patients
with metastatic disease showed NETs formation relapsed that
may refer to the pro-tumorigenic mechanism of NETs (36).
Moreover, there is a recent evidence indicating that neutrophils
from certain donors have capable to kill cancer cells in a
cell-specific manner and that neutrophil killing of cancer cells
may be improved by β-glucan treatment, making neutrophil a
persuadable candidate for cancer immunotherapy (59). Various
studies that induce neutrophilia through prolonged G-CSF
treatment in tumors show a shift form a chronic to an acute
inflammatory environment and an anticancer effect (60).
Notably, mammary tumor cell lines stimulate NETosis in vitro,
but there is no strong evidence for NET formation in these
tumors in vivo (61). On the other hand, some studies have been
demonstrated that NETiosis is able to counteract against cancer
metastasis (47). One underlying mechanism for metastasis
suppression seems to be the NET-mediated capture of migrating
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tumor cells, particularly at places of inflammation, which can
be blocked with neutrophil elastase (NE) and protein-arginine
deiminase type 4 (PAD4) inhibitors (62). Therefore, targeting
NETs through these pathways could be a promising therapeutic
option to treat cancer. In the next section we will discuss about
the role of BCG therapy in BC and the interaction between NETs
and BCG for treatment of BC (62).

Collectively, neutrophil-induced NETs act as an inhibitor for
development of tumor metastasis through elastase, MPO, and
other enzymes. In contrast, a few evidence demonstrated that
produced NETs from the TANs in microenvironment of tumor
could lead to progress of tumor cells.

NEUTROPHILS IN BCG THERAPY

BCG instillation into bladder provides a localized infection that
involves both attachment and then internalization into normal
and malignancy urothelial cells through fibronectin process
mediated by integrin adhesion molecules (63–65). Recent studies
have demonstrated that neutrophils are able to migrate to the
bladder after BCG stimulates bladder epithelial cells to secrete
chemokines. Also, another study showed that neutrophils have
important role in anticancer outcome of BCG therapy. In this
regard, Suttman et al. reported that neutrophils could be reason
of positive outcome to BCG therapy in a mouse bladder tumor
model (66). They found that BCG therapy has no effect after
depletion of neutrophil that result in a reduction in survival
compared with non-depleted controls. Neutrophils release IL-8,
MIF,MIP-1α, and GRO-αwhen are stimulated with BCG in vitro.
Therefore, BCG-induced chemokine secretion by neutrophils is
sufficient to recruit macrophages, which eventually recruit T
cells. According to these findings, Suttman and their colleagues,
suggest that BCG administration can result in the influx of
neutrophils that coordinate the subsequent macrophages and T
cell recruitment via the release of chemokines (66). Interestingly,
in consideration of Suttman et al.’s results, it is proposed that
the BCG-induced antitumor responses are mediated by activated
T cells, whereas neutrophils recruit other immune cells with
indirectly mechanism (65, 66). Additionally, neutrophils have a
direct antitumor immunity through the production of soluble
TRAIL, tumor necrosis factor related apoptosis inducing ligand,
into the bladder environment (65).

In another study, Liu et al. evaluated the formation of
NETs by induction of BCG instillation. They have shown
that tumor cell proliferation was inhibited by treatment with
NETs as well as cytotoxicity of NETs on tumor cells. Their
results demonstrated that BCG-induced NETs promote dose-
and time-dependent apoptosis of tumor cells and G0/G1
phase arrest. Obtained findings from the Liu et al.’s study
demonstrated BCG-activated tumors stimulatedmore NETs than
non-activated ones. Also, neutrophil adhesion and NETs release
were increased by stimulation with supernatant of activated
cells which representing a significant role for cytokines. Their
results also suggest that BC cells induce NETs via TNF-α
and IL-8 secretion following BCG stimulation. Eventually, they
concluded that BCG-induced NETs suppressed tumors through

multiple mechanisms including cytotoxicity effects, induction of
apoptosis and cell cycle arrest. Some studies have been shown
that NETs could suppress migration and invasion of tumor cells
by induction of apoptosis and exert cytotoxicity mechanism on
tumor cells (13). Besides, role of Neutrophils has been proven
for T cells trafficking to the bladder after BCG perfusion (66).
Actually, CD4+ T cells are the main contributors in BCG
therapy, according to IFN-γ cytokine production or activation
of CD8+ T and NK cells (66, 67). Furthermore, NETs could
prime T cells and activate dendritic cells (DCs). NETs treatment
upregulate CD4 expression in vitro, and CD3+ and CD14+ cells
in tumors that could be an important index for potentiating of
immunity. Generally, the presence of monocyte, Th1 cells, and
CTLs in environment of tumor could result in tumor regression
and also this cellular population can coincide with a favorable
prognosis (13). It has been demonstrated that NETs have either
tumor pro- or anti-tumor activity. Therefore, some agents such as
cytokine profile in the microenvironment and cancer type are the
determinative subject for progression or suppression of tumor
cells (68, 69). At high concentrations, release of MPO and NE as
important components of NETs have cytotoxicity effect on tumor
cells, but reducing the release may result in the conversion of
anti-tumor to pro-tumor function (70, 71). Therefore, NETs have
different roles based on variation in multiple stimuli, neutrophil
action site, and induction with BCG or others (13).

Collectively, neutrophils are induced by BCG activation to
formNETs. In other words, the direct role of BCG-induced NETs
has been indicated by cytotoxicity effect, apoptosis induction,
cell cycle arrest, and inhibition of tumor cells migration into
bladder environment. Besides, NETs have also indirect role
through stimulation immunity and recruitment of T cells and
macrophages to prevent tumor growth. In the next section, it
will be discussed about the effect of autophagy pathways and its
relation with NETs and BCG therapy in BC.

AUTOPHAGY AND NETs

The autophagy functions can be classified into two categories
including generation of essential metabolic degradation
products and clearance of intracellular defective organelles and
macromolecules (72).

One of the best conserved-function of autophagy is
associated with adaptation to starvation among many various
organisms. When growth requirements increase or nutrients are
scarce, metabolic intermediates were produced by autophagy
contribution which mainly happened for sustaining cell survival
(73). The mTOR as a serine/threonine protein kinase can
form two different protein complexes that known as mTORC1
and mTORC2. Evidence shows that mTOR is a main control
way for autophagy pathway, which mTORC1 could control
catabolic activity via the process of autophagy. This mechanism
is proceed by integrates signals from multiple pathways, sensing
the levels of nutrients and growth factors (74). Along with,
AMP-dependent protein kinase (AMPK) is the key sensor of
cellular energy status which activate autophagy pathway (20–25).
Substantial regulators of autophagy are the class I and class III
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FIGURE 1 | Role of autophagy and ROS production to form NETosis. Inhibition of either NADPH oxidase or autophagy could prevent the chromatin decondensation

that is crucial for NETosis, resulting in apoptotic cell death. NETosis can eliminate infections and tumors.

phosphatidylinositol 3-kinase (PI3K) pathways. Class I PI3K
activates mTORC1 and inhibits the beginning of autophagy. In
contrary, class III PI3K can induce autophagy directly (75).

Initiation, elongation, autophagosome completion, fusion
with the lysosome, and degradation are five steps of autophagy
process (76). When nutrients and energy in cells are empty,
mTORC1 is inactivated, it can no longer prevent the autophagy
initiation complex which are involving the protein kinases unc-
51-like kinases 1 and 2 (ULK1/2), ATG13, ATG101, and FIP200.
These protein kinases are able to form a newly phagophore
membrane carrying ATG14, endoplasmic reticulum-associated
protein. Recruitment of Beclin 1, Vps34, and Vps15, was
performed through the nascent phagophore membrane which
in turn results in the formation of an activated class III PI3K
complex that also produces phosphatidylinositol 3-phosphate
(PI3P) (77). The elongation step initiates the enlargement and
final closure of and extending membrane, leading a completed

autophagosome. Double-membrane organelle would be formed
by two ubiquitin-like protein-conjugation systems, essential for
the elongation phase. Dissociation of ATG12-ATG5 conjugation
occur from the outer autophagosomal membrane after that
vesicle formation is complete. Microtubule-associated proteins
1A/1B light chains (LC3) is another conjugation system which
are cleaved by ATG4 upon autophagy induction, causing
cytoplasmic LC3-I. In addition, LC3II conjugation complex was
created through more lipidation with phosphatidylethanolamine
(PE), which is then combined into both inner and outer
autophagosomal membranes. The presence of LC3-II in the
autophagosomal membranes is commonly considered as a
marker for detection of double-membrane autophagic organelles.
On the other hand, p62 is necessary for aggregating and
binding polyubiquitinated protein to LC3-II to provide a
situation that phagophore could engulf cytosolic elements,
to grow, and consequently to close the autophagosome.
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Generally, accumulation of p62 occurs when autophagy is
inhibited, and the decrease of p62 also represents suitable
vesicle degradation and autophagic flux (78–80). At the final
steps, the autophagolysosome content, which is produced by
the fusion of autophagosome with lysosome is degraded via
hydrolytic enzymes (18, 76, 81, 82). In this regard, the role
of autophagy is important for major neutrophil functions,
including phagocytosis, differentiation, degranulation, cytokine
production, cell death, and NETs formation. ATG proteins are
main members in the neutrophil differentiation pathway. ATG5
is needed in both canonical and non-canonical autophagy. In
addition, the role of ATG5 has been demonstrated to differentiate
neutrophil (83). Moreover, mTORC1 has a pivotal role in the
regulation of autophagy so that differentiation of neutrophilic
precursor cells could be ceased by using pharmacological
inhibition of mTORC1- induced autophagy – or p38 mitogen-
activated protein kinase (MAPK) (77). Therefore, autophagy
exhibits a mutual regulating interaction by the p38–mTORC1
axis (83).

Different in vivo studies have demonstrated that metabolism
and autophagy are programmed for neutrophil differentiation.
In this regard, findings of some studies have exhibited that
reduced ATG gene expression is correlated with acute myeloid
leukemia (AML) samples (84). It has been demonstrated that
neutrophils were primed by autophagy for increased NETs
formation, which is notable for appropriate neutrophil effector
functions during sepsis (85). Actually, neutrophils have a potency
to increase autophagy induction in patients who survived sepsis.
On the other hand, there is an abnormally autophagy function
in neutrophils isolated from patients who could not survive
sepsis. However, in murine models of sepsis, the autophagy
reinforcement improved survival through a NET-dependent
mechanism (86).

Interestingly, autophagy and ROS production as two main
regulators of NETosis have a close correlation to each other.
Autophagy induction can occur through ROS burst, which in
turn is necessary to maintain effective ROS production (87).

Remijsen et al. have studied the roles of autophagy and
ROS production in formation process of NETosis (88). Their
findings demonstrated that a combination of ROS production
and autophagy is required for PMA-induced-NET formation
in human neutrophils. Inhibition of either NADPH oxidase
or autophagy could prevent the chromatin decondensation
that is crucial for NETosis, resulting in apoptotic cell death.
Additionally, they reported that there was not any NADPH
oxidase activity in neutrophils, isolated from patients with
chronic granulomatous disease (CGD). The evidences showed
that these neutrophils are incapable of producing NETs (88)
(Figure 1).

Similarly, other studies have demonstrated that neutrophils
from patients with acute gouty arthritis (AGH) display
autophagy-mediated spontaneous NET release (89). Currently,
it has also been demonstrated that reduced expression levels of
Atg5 interplayed to decreased capacity of neutrophils to form
NETs when TLR2 ligand stimulation has occurred in aged mice.
This suggests that it may represents a major role of autophagy in
maintaining the mechanism of NETs (90).

On the other hand, some studies have reported contradictory
findings on the contribution of autophagy in NET release.
Particularly, Atg5-knockout mouse neutrophils, that display
decreased autophagic activity, kept the capacity to release
extracellular DNA. Moreover, PI3K is able to prevent NET
formation inhibition by human neutrophils (91). Consequently,
it maybe exists an autophagy-independent NETosis pathway
(91, 92).

Collectively, activated neutrophil may promote autophagic
activity and NET formation. Also, autophagy induces NET
formation. But in relation to cancers specially BC, whether
autophagy is able to induce NETs formation has yet to be
determined and now there are no papers which discussed
clearly in the literature. However, according to similar studies
which have been conducted, it seems that autophagy-induced
NETs formation would happen in tumor microenvironment
through tumor-associated neutrophils (N2). However, further
investigations certainly should be performed to clarify thematter.

In the next section, the role of autophagy in cancer and
angiogenesis will be discussed.

AUTOPHAGY AND CANCER

Findings of the studies on the role of autophagy process as a
driver of cell death or a pro-survival process in response to
specific stressors are controversial. Autophagy has been initially
described as a cytoprotective process under nutrient deprivation,
whereas recent findings of several studies have demonstrated that
autophagy process is a cell death driver in which it is involved in
promoting cell death.

Recently, the paradoxical role of autophagy in cancer
progression or suppression has been widely evaluated. Actually,
cancer type, genetic context, and stage were affected by
autophagy which can determine tumor cell destiny (93). Some
studies demonstrated that autophagy is established as a tumor
suppressive mechanism and the autophagy defective could be
related to genomic instability, malignant transformation, and
tumorigenesis (94, 95). Also, Beclin-1 acts as a tumor suppressive
that allelic loss of this gene can results in incidence of some
types of cancer including prostate, ovarian, and breast cancer
(41, 94, 96). Moreover, the tumor suppressor function of Beclin-
1 is exerted through binding and activating Vps34 which lead
to induce autophagy (97). In this regard, Autophagy is able
to maintain genome integrity and inhibit tumor initiation.
Deletion of tumor suppressor PTEN and elevation of the
PI3K/Akt/mTOR pathway, which is prevalent in many cancers,
could be the cause for reduced cytoprotective autophagy and
uncontrolled proliferation (98). Evidence shows that mTOR
signaling suppresses the pro-autophagic protein AMBRA1,
which can regulate cell proliferation by dephosphorylating c-
myc (99). These Interpretations imply that impairment of
autophagy can increase the risk of tumors (96, 100). Meanwhile,
the case of established tumors is completely wrapped and the
modulating role of autophagy in cell proliferation is highly
context-dependent. High levels of autophagy are often occurred
in cancers with BRAF andKRAS drivermutations. This increased
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autophagy is crucial for PDAC tumor growth and sustenance,
and halting it results in tumor regression (101). Similarly, Atg7
deletion in BRAF-driven lung cancer model cause to inhibit
autophagy pathway that indicating tumor regression and reversal
of malignancy (102). There are various opposite interpretations
that challenge the proliferative roles of increase autophagy in
tumor cells. For example, Results of studies suggest autophagy
inducers including rapamycin and its derivatives which are
known inhibitors of mTOR, can also prevent mTOR-dependent
cell proliferation via induction of cell cycle arrest in MDA-MB-
231 breast cancer cells and cell lymphoma (103, 104).

In conclusion, the evidence demonstrates that autophagy can
regulate proliferation in a context-dependent manner. These
studies express coordination of autophagy with proliferation that
support a dual function of autophagy in one of the essential
indexes of cancer.

AUTOPHAGY AND ANGIOGENESIS

Tumor angiogenesis occur with formation new blood vessels
from the existing vasculature. To angiogenesis, tumor needs
to some growth factors such as vascular endothelial growth
factor (VEGF) and tumor growth factor-β (TGF-β). Angiogenesis
supports tumor growth by providing nutrients for cancer cells,
consequently aiding in tumor growth, invasion, and metastasis
(105, 106). Additionally, when vascular supply of cells is
terminated, the hypoxic situation is established and autophagy
induced through HIF-α-mediated signaling (107). The increased
levels of autophagy can facilitate tumor cells survive to sustain
oxygen stress and could become resistant without blood supply.
On the other hand, a specific role of autophagy in angiogenesis
has been reported in neuroblastoma cells that showed that
autophagy is able to suppress angiogenesis through degradation
of pro-angiogenesis peptide which is called gastrin-releasing
peptide (GRP) (108). Autophagy inhibits tumor cell necrosis and
inflammation and mediates nutrients and hypoxia. It therefore
diminishes the recruitment of macrophages at the primary tumor
site, which is important for metastasis induction. Inhibition of
epithelial-mesenchymal transition (EMT) by autophagy could
occur through degradation of p62/SQSTM1 and its cargo TWIST,
which promotes EMT. TWIST is helix-loop-helix transcription
factor that regulates human osteogenic linage (109).

The process of migration and metastasis initiates when the
cells lose contact with adjacent cells, detach from extracellular
matrix (ECM), undergo EMT, and eventually become motile.
Anoikis, as a type of apoptosis, occurs after tumor cells detach
from surrounding ECM. However, tumor cells can evade from
anoikis via autophagy induction that provides Anoikis resistance
(110). When the separated tumor cells reach the favorable site,
they may remain latent until they can find new contacts with
the ECM. At this stage, autophagy generally helps in their
survival through unknown mechanisms. For instance, ARH1,
tumor suppressor gene, is able to induce autophagy and increase
tumor cell latency in ovarian cancer. Latency tumor is a barrier
for cancer treatment (109). Moreover, studies have determined
that autophagy induction by starvation results in promoted

metastasis and invasion of hepatocellular carcinoma cells. This
event regulated by TGFβ/smad3 signaling (111).

Collectively, autophagy can suppress incidence of invasion
and metastasis by inhibiting inflammation and tissue necrosis.
But if the tumor cells detach from ECM, elevated levels of
autophagy help them avoid apoptotic cell death and maintain
latency in a distant site (109, 110). Thereby, autophagy acts as a
double-edged sword in tumor progression or suppression (112).

AUTOPHAGY AND BCG

In this regard, it has been demonstrated that there is a
relationship between BCG therapy and autophagy pathway.
Because both BCG and wild-type Mycobacterium tuberculosis
secrete many antigens including the ag85 complex, we concluded
that generated antigens could be targeted into the autophagic
pathway. It seems that such an event would promote the
production of peptides from ag85 complex and their subsequent
loading on to MHC II proteins. A study evaluated the effect of
induction autophagy on the efficacy of BCG vaccine containing
the immunodominant Ag85B. Their results showed that
induction of autophagy increases Ag85B presentation through
MHCII pathway and thereby elevates vaccine efficacy. Also,
autophagy increases Ag85B presentation by macrophages (113).

In a comparative study evaluated the effect of BCG on
gastric cancer cell line MGC-803. They reported that BCG
therapy increases protein level of Atg-3 and lymphocyte
immunocompetence to induce cell apoptosis and autophagy in
gastric cancer cells (114). Collectively, some studies indicated that
BCG is tightly associated with induction of autophagy in various
cancers. BCG therapy is able to induce autophagy pathway and
kill the tumor cells. Therefore, autophagy can be considered as
an important agent to reinforce the effect of BCG on inhibition
of tumor growth.

Recently, it has been demonstrated that there is an
association between protective mechanisms of BCG and
epigenetic alternations in innate immune cells (115). In this
regard, Buffen et al. have studied the effects of BCG therapy
on autophagy and its relation with epigenetic alternation in
BC. Their findings demonstrated that BCG-induced autophagy
could act as a central event modulating epigenetic alternations
on innate immunity. Furthermore, they reported polymorphism
in ATG2B gene controls epigenetic alterations in both in vivo and
in vitromodels in BC (20). Thereby, epigenetic alterations are the
noteworthy topic in BCG therapy. In this respect, epigenetic and
miRNAs are regulators of gene expression. The current literature
shows that miRNAs play a crucial role in autophagy pathway,
BCG therapy and NETs process. We will discuss these roles in
next sections in more details.

MiRNAs ROLE IN AUTOPHAGY AND BCG
THERAPY

MiRNAs is a group of non-coding small RNAs that can have
different effects on oncogenesis by acting as oncogene or tumor
suppressor in microenvironment-dependent manner (116).
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Various studies conducted on the roles of miRNAs in
BC have demonstrated that some miRNAs are overexpressed,
whereas some other miRNAs are down-regulated during BC
development. Gottardo et al. evaluated expression of miRNAs
in 27 bladder specimens. They found that miR-17-5p, miR-
23a, miR-23b, miR-26b, miR-103-1, miR-185, miR-203, miR-205,
miR-221, and miR-223 were remarkably upregulated in BC. In
fact, the function of a specific miRNA depends on its target
genes. Thus, upregulated miRNAs that impact oncogenes can be
considered as tumor-suppressing miRNAs, and downregulated
miRNAs that impact tumor suppressor genes can be considered
as onco-miRNAs (117). Another study showed that expression
of four miRNAs (miR-199a-3p, miR-195, miR-133a, and miR-
30a-3p) was downregulated in tumors, however, these miRNAs
usually act as tumor suppressors (37). On the contrary, miR-
200c and miR21 are upregulated in BC tissues and could be
an agent for the progression of BC (118, 119). The expression
of miRNAs are detected using molecular techniques such as
microarray or deep sequencing in patients with BC. Many types
of samples obtained from clinical tissue specimens, fluids, body,
and BC cell lines (120–122). Because autophagy incidence is
inside cells, the present study evaluates the expression of miRNAs
in BC tissue samples. miRNAs have several roles in the regulation
of autophagy processes such as recycling, degradation, fusion,
vesicle nucleation, vesicle elongation, and induction (123).

As mentioned in previous section about autophagy process,
the ATG13, FIP200, and ULK1/2 and its negative regulator
mTORC1 are the components of ULK complex which are
required for initiating the autophagy process. It has been reported
that the miR106b and miR20a have a repress activity on
autophagy by targetingULK1 (124). Another study demonstrated
that the miR25 has a direct effect on ULK1 expression and it was
considered as a novel regulator of autophagy (125). Moreover,
miR26b can inhibit autophagy by targeting ULK-2 (126). In
addition, miR20a has been reported to modulate autophagy
through targeting FIP200 (127). MiR15a, miR16, and miR18
exert pro-autophagic effect by inhibiting mTORC expression
and have been recognized as onco-miR (128, 129). The Beclin-
1-PI3KCIII-Vps15 complex, ATG2-18 complex, and ATG9 are
fundamental components for the vesicle nucleation as the second
step of autophagy process. Several miRNAs can regulate this step
of autophagy. For instance, miR30a AND miR17 were identified
to suppress Beclin-1 expression, therefore disrupting vesicle
nucleation (130, 131). Also, the results of some studies have been
revealed that miR199a and miR152 can directly target ATG14
to negatively regulate the activation of the Beclin-1-PI3KCIII-
Vps15 complex (132, 133). Furthermore, studies have reported
that activity of ATG2-18 complex and ATG9 are repressed by
miR130a and miR34a (134, 135). Several miRNAs contribute
in regulating the expression of ATG12-5-16 components such
as miR30a, miR23b, and miR106b throughout the process of
vesicle elongation and completion (125, 136, 137). Moreover,
there are other reports indicating that miR101 can target ATG4
to suppress autophagy (138). In addition, miR199a and miR423
have been reported to regulate the resistance by targeting ATG7
and develop autophagy (116, 139). MiR204 was demonstrated to

stop the activation of ILC3-II, applying a similar effect in this
process (140).

Eventually, the cargo inside and autolysosome maturation
undergo degradation and recycling process. MiR101 was
identified to inhibit RAB5, a main regulator of autolysosome
fusion (138). In addition, a study reported that miR194 has an
essential role in autolysosome fusion through targeting LAMP2
(141). UV Radiation Resistance Associated Gene (UVRAG)
which is a main component of the Beclin1-Vps34 complex
and plays a central role in autolysosome maturation. miR-183
and miR-125b were discovered to target UVRAG (142, 143)
(Figure 2). ATG7 is overexpressed in human invasive BC tissues.
It has been demonstrated that miR190a facilitates BC invasion
and autophagy through stabilizing ATG7 mRNA by binding to
its 3′UTR (144).

Collectively, dysregulation of miRNAs serves to progress the
cancer through targeting components of autophagy pathway.
Thereby, modification of miRNAs expression could help to
suppress the invasion of cancer.

As discussed above, the main objective of BCG therapy is
preventing occurrence and progression of cancer. Some studies
have indicated that MImiR-9-3, miR-124-2, miR-124-3, and
miR-137 were frequently methylated in the initiation phase of
cancers which can be utilized as potential biomarkers for BC
diagnosis (145). Interestingly, to our knowledge there is no
published study that had investigated the possible effects of
BCG on miRNAs profile expression. However, several studies
have been conducted on the roles of BCG and miRNAs in
infectious diseases. For examples, a performed study evaluated
the alteration of immune-related miR142-3p in macrophage
RAW264.7 cells in treatment with BCG infection (146). Their
results showed that miR142-3p can negatively regulate the
production of pro-inflammatorymediators IL-6, TNF-α, andNF-
κB (NF-κB1) in themacrophages by post-transcriptionally down-
regulating IRAK-1 protein expression (146). Moreover, another
study demonstrated thatM. bovis BCG induces Toll-like receptor
2 (TLR2)-dependent miR155 expression, which establishes
signaling cross talk among mitogen-activated protein kinases
(MAPKs), protein kinase Cδ (PKCδ), and phosphatidylinositol 3-
kinase (PI3K) and recruitment of c-ETS and NF-κB to miR-155
promoter. Finally, they indicated the cellular reprogramming was
organized by miR155 during immune responses to mycobacterial
infection (147).

Collectively, BCG is capable of stimulating immune responses
and triggering signaling molecular pathway in interaction with
miRNAs. It seems that BCG instillation can influence miRNAs
expression in BC tissue. However, further studies should be
conducted to shed more light on this interaction in BC.

Currently, there is little evidence on how miRNAs can
alter NETosis process. However, some studies conducted about
the interaction between miRNA expression and neutrophil.
In this regard, as study showed that neutrophil-associated
miR-99b-5p, miR-191-5p, and miR-197-3p transcript levels
were remarkably lower in mycobacterium tuberculosis (MT)
infections. Differentially expression of miRNAs in neutrophils
can predominantly effect the signaling pathways leading to
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FIGURE 2 | Role of miRNAs in autophagy pathway. Autophagy process is illustrated in four steps (A–D), in which miRNAs affect each of autophagy components. The

various roles of miRNAs demonstrate that miRNA gene expression can regulate components of autophagy pathway. Some of these miRNAs have important role in

each step of autophagy process. Autophagy pathway can be also inhibited by downregulation and/or upregulation of miRNAs gene expression.
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cytokine productions. The reduced expression in MT cases could
indicate a lack of inhibition on signaling pathways, which may
result in elevated production of pro-inflammatory cytokines such
as IFN-γ (148).

As was discussed previously, IFN-γ is a crucial cytokine
in immune responses to microbial infections. In this regard,
a study demonstrated significance of IFN-γ role in NETs
function when lung neutrophils of mice infected by Streptococcus
pneumonia, Staphylococcus aureus, and Escherichia coli. Their
results revealed that decreased formation of NETs in IFN-γ-
deficient mice could result in the increase in S. pneumonia
bacterial numbers (149, 150).

Gantier comprehensively investigated roles of role of miRNAs
in neutrophil’s formation, function, and biology and reported
a list including 48 miRNAs that are expressed in neutrophils
(149). Thus, we found that miRNAs have important role in
regulation of neutrophil biology. Among expressed miRNAs
in neutrophil, miR1 and miR133 were down-regulated in
patients with myeloproliferative disorder. Furthermore, miR223
has been demonstrated to be one of the main miRNAs
expressed by human granulocytes (CD15). A study reported
an essential role of miR223 in neutrophil differentiation by
evaluating miR223-deficient mice (151). Ward et al. indicated
that miR-34b, miR-328, miR-483-3p, miR-491-3p, miR-595,
and miR-1281 miRNAs were up-regulated when neutrophils
treated with GM-CSF. Indeed, GM-CSF treatment led to delay
apoptosis and senescence (152). IL-8 as a CXC chemokine
ligand has a necessary function in the recruitment of human
leukocytes specially neutrophils and also produced by various
immune cells such as neutrophils, macrophages, and epithelial
cells stimulated with TNF-α. miR17 can directly target IL-8
mRNA, therefore miR17 inhibition could cause a drastically
increase in IL-8 production (153). On the contrary, miR155
can increase IL-8 secretion from neutrophils of patients with
cystic fibrosis by the suppression of SHIP expression. Elevated
miR-155 levels can straightly decrease levels of SHIP-1, which
ordinarily destabilize IL-8 mRNA via Akt signaling (154). Hence,
therapeutic approaches should focus on decreasing miR155 and
increasing miR17 levels which could dampen IL-8 production
by neutrophils.

Some studies also determined that neutrophils have capability
to polarize and migrate toward center of tumor cells that
highly express these chemotactic factors (155, 156). As soon
as, the maximum production zone of the chemokine to be
reached, the gradient of chemotactic concentration vanishes.
Chemotactic stimulus can establish NETs formation when
high level of receptor is occupied (89). A study with
using intravital microscopy in tumors could observe that
neutrophils are able to move to the tumor and form NETs
(personal communication). In the tumor microenvironment,
these structures have been related often to processes that
favor metastasis (37, 157, 158). A study in mice also
indicated that NETs facilitate the metastasis capacity of tumor
cells favoring their migration (159). However, the extent
to which NETs can alter the function of other immune
cells in the tumor microenvironment has not been directly
demonstrated (160).

There are relatively scarce data about the roles of miRNAs
in neutrophil biology in the literature. Different expression
of miRNAs in tumor microenvironment could be a useful
option to prognosis and detection and treatment various cancers
specially BC.

BCG OPTIMIZATION FOR BLADDER
CANCER

Todays, molecular targeting as a novel therapeutic approach
is considered for improving survival and prognosis in patients
with BC (161). Various studies have shown that abnormally
expressed miRNAs involvement to BC progression by exerting
as oncogenes or tumor suppressors. Recent reports have
demonstrated that the non-invasive detection of miRNAs from
body fluids, including urine and blood of BC patients, can be
used to improve prognosis and diagnosis (162, 163). Thereby,
the recognition of dysregulated miRNAs to promote clinical
applications in BC is really pivotal. Autophagy is contributed
in several steps of cancer development, and the collection
of evidence associating the dysregulation of autophagy-related
miRNAs in cancer has arisen remarkably (164). As yet, about 400
miRNAs have been accredited as predicted to have interactions
associated with autophagy (164). In this respect, a study identified
various dysregulated miRNAs in BC (165). For instance, the
findings of some studies revealed that miR-99a-5p exhibited
a tumor suppressor role via targeting mTOR in BC (166).
Additionally, miR-30a-5p was another miRNA that increased
drug sensitivity to cisplatin by targeting Beclin-1 and ATG5 in BC
(167). Thereby, the performed studies have been demonstrated
a promising effect of the miRNAs in BC therapy (161). On the
other hand, NETs formation in tumor regulation of autophagy
by miRNAs can enhance the NETs formation in patients with
BC (13, 113, 168). Generally, NETs formation can facilitate BCG
performance in BC treatment. Autophagy and NETs are able to
suppress tumor activity through specific mechanisms including
mTOR signaling pathway and produced ROS of neutrophils,
respectively (13, 65). Thus, promoting NETs performance and
modifying autophagy by miRNAs can be utilized to improve
BCG therapy in patients with BC. Additional efforts are essential
to assess the therapeutic roles of candidate miRNAs and its
interaction between NETs formation and autophagy pathway.
Eventually, further investigations are necessary to further clarify
novel RNA networks in BC cells.

CONCLUSION

BCG therapy is usually prescribed to the patients with
non-muscle invasive BC. Review of the current evidence
shows that miRNAs play significant roles in triggering
and regulating autophagy process and autophagy-induced
NETs formation, which subsequently can promote BCG
therapy in patients with BC. Moreover, BCG-induced
NETs have been reportedly to exert cytotoxic effects,
induce apoptosis, cell cycle arrest, and inhibition of tumor
cells migration into bladder environment. Moreover,
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neutrophils can prim T cells and activate DCs to robust
immune responses against tumor growth. Therefore, it
could be concluded that utilization of miRNAs network
as a therapeutic approach may reinforce BCG function
at high efficiency through inducing autophagy which in
turn can enhance ROS producing and NETs formation by
stimulating neutrophils.
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Glioblastoma multiforme (GBM) is the most malignant and multiple tumors of the central
nervous system. The survival rate for GBM patients is less than 15 months. We aimed
to uncover the potential mechanism of GBM in tumor microenvironment and provide
several candidate biomarkers for GBM prognosis. In this study, ESTIMATE analysis was
used to divide the GBM patients into high and low immune or stromal score groups.
Microenvironment associated genes were filtered through differential analysis. Weighted
gene co-expression network analysis (WGCNA) was performed to correlate the genes
and clinical traits. The candidate genes’ functions were annotated by enrichment
analyses. The potential prognostic biomarkers were assessed by survival analysis. We
obtained 81 immune associated differentially expressed genes (DEGs) for subsequent
WGCNA analysis. Ten out of these DEGs were significantly associated with targeted
molecular therapy of GBM patients. Three genes (S100A4, FCGR2B, and BIRC3) out of
these genes were associated with overall survival and the independent test set testified
the result. Here, we obtained three crucial genes that had good prognostic efficacy of
GBM and may help to improve the prognostic prediction of GBM.

Keywords: glioblastoma multiforme, microenvironment, WGCNA, prognostic biomarkers, estimate

INTRODUCTION

Glioblastoma multiforme (GBM) is the most malignant and multiple tumors of the central nervous
system (CNS), which is classified as grade IV glioma by the World Health Organization (WHO)
(Ostrom et al., 2013; Louis et al., 2016; Hanif et al., 2017). GBM is a heterogeneous disease involving
multiple subtypes with different clinical and molecular characteristics (Friedmann-Morvinski,
2014; Lee et al., 2018). The diagnosis of GBM is based on grading and histomorphology. However,
the classification does not predict clinical outcomes after GBM development (Sasmita et al., 2018).
To date, there was almost no biomarker that could translate into a significant survival benefit to
GBM patients and the median survival of patients was only 15 months (Zhao et al., 2019).

In GBM, tumor cells interact with resident cells (neurons, glial cells, etc.) entangled in the
extracellular matrix (ECM) and vascular system (De Luca et al., 2018). Glial cells play an
important role in cancer progression (Friedmann-Morvinski et al., 2012). The peritumor tissue
microenvironment is key to current and future research on tumor-sensitive therapies. GBM
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can affect the cellular morphology and function of the CNS
through intercellular interactions (Martinez-Outschoorn et al.,
2014). Glial cells are inextricably linked to the GBM, and
their immune role has been well documented. Microglia
and macrophages can rapidly respond to alterations in
CNS homeostasis, including brain tumors. Microglia and
macrophages have also been found to induce GBM cell cycle
arrest and differentiation (Sarkar et al., 2014). Therefore,
an in-depth study of the tumor microenvironment of GBM
could help to reveal its tumorigenic mechanisms. The tumor
microenvironment (TME) has attracted more and more attention
recently (Yang et al., 2018). TME is composed of a variety of cell
types and plays a vital role in tumors (Hanahan and Weinberg,
2000). TME and its function is crucial for understanding the
mechanism of tumor development (Duchnowska et al., 2016;
Velaei et al., 2016). Estimation of stromal and immune cells in
malignant tumor tissues using expression data (ESTIMATE) is
an algorithm to help researchers to estimate the proportion of
immune cells and stromal cells in tumors based on the gene
expression profile (Yoshihara et al., 2013; Li et al., 2016).

Recently, the advances of bioinformatics and high-throughput
data have identified potential tumor biomarkers, which could
help to develop better prognostic predictions of GBM (Mehta
et al., 2010). Weighted gene co-expression network analysis
(WGCNA) is a bioinformatics method that could explore the
correlation between genes and clinical characteristics and screen
crucial genes for further verification (Langfelder and Horvath,
2008; Yuan et al., 2020). In the study, we applied the ESTIMATE
algorithm and differential analysis to identify immune-associated
genes in GBM for prognosis prediction. We also used the
WGCNA to construct a co-expression network and to filter
potential gene modules and crucial genes. Our study could
provide new opinion to help to find some essential prognostic
biomarkers in GBM.

MATERIALS AND METHODS

Description of the Cohort and Sources of
Data
The high-throughput RNA-seq data and clinical information of
539 GBM patients were downloaded from the TCGA database.
The genes’ expression level of raw count data was quantified as
fragments per kilobase million (FPKM) and normalized by log2-
based transformation. The samples that lacked overall survival
traits were eliminated, and only 412 patients were selected to
subsequent analysis. Then, we used the ESTIMATE algorithm to
calculate the immune and stromal scores of the samples. A test
data contains 237 GBM patients’ expression levels and clinical
data was downloaded from the CGGA database (Bao et al., 2014).

Differential Expression Analysis
We classified the 412 patients into high immune associated and
low immune associated groups or high stromal associated and
low stromal associated groups by immune score or stromal score
based on ESTIMATE analysis. Then, the “limma” R package was
used to perform the differential expression analyses between high

and low score groups. The DEGs were selected with an absolute
log2 fold change ≥0.263 and an adjusted P-value <0.05.

Co-expression Network Construction
and Module Identification
The immune associated DEGs were input into the WGCNA
to construct co-expression network by WGCNA package. With
the help of the function pickSoftThreshold, a signed adjacency
matrix was calculated to reach approximate scale-free topology
of the network (R2 >0.8). Then, the weighted adjacency matrix
was transformed into a topological overlap matrix (TOM)
to minimize effects of spurious associations. A dynamic cut-
tree algorithm was used to identify stable modules. Next, the
correlation between module eigengene (ME) and clinical data was
defined as module significance (MS). The correlation between
ME and genes was expressed as module membership (MM). In
detail, ME means the first principal component of a given model
and represents the gene expression profile of the entire model.
MS means the average gene significance of all the genes involved
in the module. MM means the correlation between a given gene
expression profile and a given model eigengene. Genes with both
high gene significance (GS >0.1) and high module membership
(MM >0.6) were defined as hub genes.

Enrichment Analysis and Survival
Analysis
KEGG, GO, and Hallmark analysis were performed to explore the
potential functions and involved pathways of DEGs. We used the
“clusterProfile” R package (Yu et al., 2012) and Metascape web
tool (Zhou et al., 2019) to do the analysis.

A Kaplan–Meier curve was used for survival analysis and
the curves were used to display the impact on the patients’
survival of candidate genes. Multivariate cox regression analysis
was performed to assess whether the genes were independent
prognostic factors for patient survival. The “survival” R package
was used to perform the above analysis. Furthermore, the OSgbm
tool was used to verify the prognostic biomarkers though a
combined dataset contains 684 GBM patients (Dong et al., 2019).

RESULTS

Identification of Differentially Expressed
Genes Related to Tumor
Microenvironments
A total of 412 eligible patients’ expression levels and paired
clinical data were obtained from the TCGA database. After
the ESTIMATE analysis, we distinguished these patients into
two groups based on the median value of immune or
stromal score. Then, we performed differential expression
analysis to identify differentially expressed genes associated
with microenvironments. In the immune group, there were 81
DEGs, 79 DEGs were up-regulated, and 2 DEGs were down-
regulated (Figures 1A,B). Similarly, 58 genes were differentially
expressed according to stromal score, 57 DEGs were up-
regulated, and 1 DEG was down-regulated (Figures 1C,D). As
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FIGURE 1 | Differential analysis of 412 GBM samples. (A,C) Volcano plot shows DEGs between GBM and normal samples. Red represents upregulated DEGs while
blue shows the downregulated one (P < 0.05). (B,D) Heatmap showing the expression level of these differentially expressed genes.

shown in Supplementary Figure 2, the immune associated DEGs
were mainly enriched in the IL-17 signaling pathway, Toll-like
receptor signaling pathway, and phagosome (KEGG pathway)
(Supplementary Figure 2A), and humoral immune response,
neutrophil activation, and neutrophil mediated immunity
(GO terms) (Supplementary Figure 2B). Also, the stromal
DEGs were mainly enriched in cytokine-cytokine receptor
interaction, chemokine signaling pathway, IL-17 signaling

pathway (KEGG pathway) (Supplementary Figure 2C), and
acute inflammatory response, leukocyte migration, and response
to lipopolysaccharide (GO terms) (Supplementary Figure 2D).
Interestingly, the clustering analysis showed that immune-related
differential genes could classify GBM patients into two categories,
whereas stroma-related differential genes did not have such
classification efficacy (Figures 1B,D). In this study, we selected
the immune associated DEGs for further analysis.
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FIGURE 2 | The WGCNA analysis of immune-related DEGs. (A) Network topology analysis to select suitable soft-threshold powers. The x-axis and y-axis reflect the
soft-thresholding power and the scale-free topology model fit index, respectively. (B) Clustering dendrogram of genes, with dissimilarity based on topological
overlap, together with assigned module colors. (C) Heatmap showing the expression pattern correlation between these modules.
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WGANA to Obtain the Candidate Genes
With Co-expression Pattern
Based on the differential analyses, the 81 DEGs that are related
to the immune system were selected to construct a co-expression
network. To prove that the network we constructed is a scale-free
network (a network in which a few nodes have many connections,
most nodes have a few connections, and the distribution of node
degrees in the network conforms to a power-law distribution)
and not a random network, we first performed a topology
analysis. After a topology analysis of the network, the soft power
was set at 10 which the scale independence could reach to
0.81 to perform the subsequent analysis (Figure 2A). Then, we
obtained three co-expression modules (MEbrown, MEblue, and

MEturquoise) (Figure 2B). It indicated that the immune-related
DEGs played three different functions in GBM. Subsequently,
we calculated the relationships between the identified modules.
It showed that the expression pattern was independent between
these modules (Figure 2C).

A Co-expression Module Was
Associated With Targeted Molecular
Therapy in Glioblastoma Multiforme
We further explored the three different co-expression modules’
function. We correlated the three modules with GBM patients’
clinical traits to search for potential key modules (Figure 3A).
The results illustrated that the gray module was significantly

FIGURE 3 | Module-trait associations. (A) Module-trait relationships. Each row represents a module when each column indicates a clinical trait. Every cell shows the
correlation coefficient and P-value. (B) Dot plot showing the gray module’s genes significance and module membership in targeted molecular therapy.
(C) Enrichment analysis of differentially expressed genes in the gray module.
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related to targeted molecular therapy in GBM patients. There
are 20 candidate genes in this module, 10 out of these genes in
the gray module were identified as the hub genes which related

to targeted molecular therapy (Figure 3B). We used enrichment
analysis to explore the potential function of the hub genes. The
result showed that the hub genes were significantly enriched

FIGURE 4 | Survival analysis of targeted molecular therapy associated key genes. (A) Four genes are potential prognostic biomarkers in TCGA GBM dataset.
(B) Three out of the four genes are stable survival associated in test data.
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FIGURE 5 | Selection of independent prognostic genes in GBM. (A–C) Forest plot showed the hazard ratio of three hub genes (S100A4, FCGR2B, and BIRC3) and
suggested that these genes are independent prognostic factors. (D) The Kaplan–Meier curve showed that the survival model played an excellent prognostic ability in
GBM. (E) ROC analysis showed the AUC of the model. It reflected that it is a good prognostic model in GBM.

in Apoptosis, NF-kappa B signaling pathway, and tryptophan
metabolism. This indicated that the hub genes may regulate GBM
progression through these pathways (Figure 3C).

Three Crucial Hub Genes Associated
With Targeted Molecular Therapy Were
Potential Prognostic Biomarkers
To further determine these hub genes’ ability and find out the
potential prognostic genes, all the 10 targeted molecular therapy
associated crucial genes were tested by Kaplan–Meier analysis.
The result showed that 4 genes (TREM1, S100A4, FCGR2B, and
BIRC3) out of these hub genes were significantly associated with
OS in 412 GBM patients (Figure 4A). Then, we selected a dataset
that contains 237 GBM samples for the validation. It showed that
three crucial genes (S100A4, FCGR2B, and BIRC3) were survival
associated (Figure 4B). The multivariate cox regression analysis
also found the three genes were independent prognostic factors
(Figures 5A–C). A survival model constructed by the three genes
also performed a good prognostic efficacy (Figure 5D) and the
AUC of the model reached to 0.739 (Figure 5E). Finally, another
test set which contained 684 GBM patients’ survival information
was also used to testify as to the crucial genes’ prognostic efficacy
(Supplementary Figure 2). The result showed that all the three
genes are stable prognostic biomarkers and may be the prognostic
biomarkers of GBM.

DISCUSSION

Glioblastoma multiforme is the most malignant brain tumor
and requires powerful biomarkers to perform effective
treatment (Szopa et al., 2017). High-throughput sequencing
provides insights into understanding the pathogenesis and
the development of therapeutic biomarkers (Tsimberidou,
2015). Multiple molecular analysis has been used for tumor
biology prediction or risk stratification (Chen et al., 2020).
To date, the microenvironment has been investigated in
numerous cancer studies (Bi et al., 2020; Du et al., 2020; Mao
et al., 2020). However, the comprehensive prognostic value of
crucial microenvironment-associated biomarkers has not been
exploited in GBM.

Here, we applied bioinformatics analysis to integrate
high-throughput data from GBM and obtained three
microenvironment-associated biomarkers (Supplementary
Figure 1). Three potential prognostic biomarkers of GBM
were obtained in our study. S100A4 encodes a member of the
S100 protein family. This protein family is mainly involved in
cell cycle progression and plays a role in microtubule protein
polymerization. Aberrant expression of this protein family is
associated with tumor metastasis (Sadigh et al., 2019). S100A4
has been reported to be associated with cancer cell migration
and metastasis and is important in tumor onset and progression
(Atlasi et al., 2016; Liu et al., 2018). In GBM, S100A4 was
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reported to be associated with the migration and invasion of
cancer cells (Zhou et al., 2020). FCGR2B encodes a receptor
for the immunoglobulin gamma complex and is involved in
the regulation of immune responses and antibody production
by B cells (Danzer et al., 2020). FCGR2B has been reported to
be associated with anti-GBM disease in Chinese (Zhou et al.,
2010). The gene variants of FCGR2B can influence intravenous
immunoglobulin response (Shrestha et al., 2011). BIRC3 encodes
an IAP family protein. It could inhibit apoptosis by binding
to TRAF1 and TRAF2 (Zheng et al., 2010). BIRC3 is a novel
prognostic indicator and a potential therapeutic target for cancer
(Fu et al., 2019). The expression of BIRC3 could enhance NF-
kB translocation and then influence the sensitivity of treatment
(Asslaber et al., 2019). Here, we found the three genes played
a novel role in the prognosis of GBM. They may be used for
further clinical study.

CONCLUSION

In this study, we use WGCNA to analyze the high-throughput
sequencing data of GBM and identified DEGs associated with
the immune microenvironment. Then, the key gene modules
associated with GBM patients’ clinical characteristics were
obtained. In addition, we identified a gray module consisting
of 20 genes which was significantly relevant to the targeted
molecular therapy. Ten genes were identified as hub genes and
three of them were survival associated. The independent test set
of CGGA verified our result. Our results filtered a module and
three crucial genes that acted as crucial roles in the prognostic of
GBM. The result may provide novel information to improve the
prognosis of the tumor.
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Reactive Oxygen Species (ROS) are present in excess amounts in patients with tumors,

and these ROS can kill and destroy tumor cells. Therefore, tumor cells upregulate

ROS-related genes to protect them and reduce their destructing effects. Cancer

cells already damaged by ROS can be repaired by expressing DNA repair genes

consequently promoting their proliferation. The present study aimed to identify the

signature genes of and regulating network of ROS-related genes and DNA repair

genes in lung adenocarcinoma (LUAD) using transcriptomic data of public databases.

The LUAD transcriptome data in the TCGA database and gene expressions from

Gene Expression Omnibus (GEO) were analyzed and samples were clustered into

5 ROS-related categories and 6 DNA repair categories. Survival analysis revealed a

significant difference in patient survival between the two classification methods. In

addition, the samples corresponding to the two categories overlap, thus, the gene

expression profile of the same sample with different categories and survival prognosis

was further explored, and the connection between ROS-related and DNA repair genes

was investigated. The interactive sample recombination classification was used, revealing

that the patient’s prognosis was worse when the ROS-related and DNA repair genes were

expressed at the same time. The further research on the potential regulatory network

of the two categories of genes and the correlation analysis revealed that ROS-related

genes and DNA repair genes have a mutual regulatory relationship. The ROS-related

genes namely NQO1, TXNRD1, and PRDX4 could establish links with other DNA

repair genes through the DNA repair gene NEIL3, thereby balancing the level of ROS.

Therefore, targeting ROS-related genes and DNA repair genes might be a promising
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strategy in the treatment of LUAD. Finally, a survival prognostic model of ROS-related

genes and DNA repair genes was established (TERT, PRKDC, PTTG1, SMUG1, TXNRD1,

CAT, H2AFX, and PFKP). The risk score obtained from our survival prognostic model

could be used as an independent prognostic factor in LUAD patients.

Keywords: DNA repair, lung adenocarcinoma, prognostic analysis, reactive oxygen species (ROS), regulatory

network

INTRODUCTION

Reactive oxygen species (ROS) are small oxygen-derived active
small molecules, including O2·-,·OH, RO2·, and RO·(1).
ROS can be produced by exogenous or endogenous sources,
and when they are in excess amount, compared with the
concentration of antioxidants in the body, the system is
out of balance, and the antioxidants are not able anymore
to completely remove or reduce ROS. On the one hand,
their accumulation damages biological macromolecules,
including DNA, leading to different type of tumors. On the
other hand, the increase of the level of intracellular ROS
can allow the selective killing of tumor cells (2). A high
ROS amount is detected in most cancer patients (3). The
expression of ROS-related proteins increases in many types
of cancer, and they are involved in cell growth, proliferation,
differentiation, protein synthesis, glucose metabolism, cell
survival and inflammation (4). Oxidative stress and non-small
cell lung cancer (NSCLC) have a mutually promoting and
dependent relationship (5–9). Indeed, the presence of oxidative
stress greatly increases gene damage, and the damage to the
mitochondrial DNA of alveolar cells can cause energy supply
barriers, promote tumor blood vessel formation, and inhibit
tumor immune microenvironment. These multiple effects
promote the occurrence of NSCLC. In addition, the abnormal
expression of specific transcription factors and downstream
cell signaling pathways caused by and related to oxidative
stress allow a rapid development and metastasis of NSCLC.
Furthermore, NSCLC cells maintain the oxidative stress
response at the appropriate level for their proliferation and
survival by regulating their antioxidant levels and ROS levels
(10, 11).

The internal and external environmental factors including
ROS can cause DNA damage. If the damage is not repaired
in time and correctly, it causes the instability of the genome,
threatening the survival of cells. In order to maintain the
stability of the structure and function of DNA in a complex
genomic environment, a timely and reasonable response to
damaged signals should be provided. Under the condition
of DNA damage, coordinated regulation of damage repair
mechanisms and dynamic chromatin changes are required for
the maintenance of genetic and epigenetic information. Thus,
cells should correct the damages before the replication process in
order to maintain the integrity of the genetic material. Therefore,
the DNA repair system plays a vital role in maintaining the
normal physiological functions of cells (12). At present, more

than 100 repair enzymes are known that participate in the DNA
repair process. The DNA repair system in the cell mainly includes
five pathways: direct damage reversal repair, base excision repair,
nucleotide excision repair, recombination repair, and mismatch
repair (13). If the repair function is defective, or when a key
protein in a specific DNA damage repair pathway is mutated,
DNA damage may lead to two results: one is cell death; the other
is gene mutation, or malignant transformation into tumor cells.
It is worth noting that although defects in DNA repair function
can cause tumors, the DNA repair function of cancer cells is not
reduced; on the contrary, it is significantly increased, and can
fully repair the DNA damage caused by chemotherapeutic drugs.
This is also one of the reasons whymost anti-cancer drugs are not
effective (14).

Therefore, in this study the combined action of ROS genes
with DNA repair genes on the prognosis of patients diagnosed
with lung adenocarcinoma (LUAD) was explored. Since this
is a cancer type with a high incidence and high mortality
rate, our aim was to find a potential correlation between
ROS genes and DNA repair genes, to evaluate whether the
inhibition of the repair of damaged tumor cells could increase
tumor cell death and ameliorate the prognosis of patients.
In this way, a potential combined therapeutic therapy can be
also considered.

MATERIALS AND METHODS

Data Source and Pre-processing
The RNA-Seq based transcriptome profiles (FPKM; Fragments
Per Kilobase of transcript per Million mapped reads) and
corresponding clinical data of LUAD patients were downloaded
from the Cancer Genome Atlas (TCGA) portal using the
gdc-client software downloading tool. Additionally, the
gene expression profiles in LUAD patients (GSE68465,
sequenced using Affymetrix, HG-U133A plus 2.0 Array,
up to November 2020) were also obtained from the Gene
Expression Omnibus (GEO) database (http://www.ncbi.nlm.
nih.gov/geo/). All analyses were performed using the R software
(R Foundation for Statistical Computing, Vienna, Austria,
3.4.1 Version).

ROS and DNA Repair Gene Acquisition and
Sorting
The ROS-related genes and DNA repair genes were downloaded
from the Molecular Signatures Database (MSigDB) for use
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with the Gene Set Enrichment Analysis (GSEA) database. The
intersection of these genes with the genes from TCGA was

TABLE 1 | Reclassified samples correspond to samples independently classified

based on ROS genes and DNA repair genes.

ROS_cluster DNA_Repair_cluster Subtype

ROS_C1 DNA_Repair_C1 ROS_C1_DNA_Repair_C1

ROS_C1 DNA_Repair_C3 ROS_C1_DNA_Repair_C3

ROS_C2 DNA_Repair_C5 ROS_C2_DNA_Repair_C5

ROS_C2 DNA_Repair_C6 ROS_C2_DNA_Repair_C6

ROS_C3 DNA_Repair_C1 ROS_C3_DNA_Repair_C1

ROS_C3 DNA_Repair_C3 ROS_C3_DNA_Repair_C3

ROS_C4 DNA_Repair_C1 ROS_C4_DNA_Repair_C1

ROS_C4 DNA_Repair_C4 ROS_C4_DNA_Repair_C4

ROS_C4 DNA_Repair_C5 ROS_C4_DNA_Repair_C5

ROS_C5 DNA_Repair_C2 ROS_C5_DNA_Repair_C2

used to obtain the final ROS-related genes and DNA repair
genes. The TCGA samples with incomplete clinical data and
survival time <30 days were not taken into consideration and
consequently removed.

Consistent Clustering and Screening of
ROS-Related Genes and DNA Repair
Related Genes
The ConsensusClusterPlus package of R was used to cluster ROS-
related genes and DNA repair genes separately, and the survival
analysis was performed to compare the prognostic differences
of different categories. Genes showing significant differences in
their expression in tumor samples and normal samples were
obtained, the screening conditions were set at p < 0.05 and
|LogFC|>1, and finally the expression of differential genes in
different categories were analyzed according to ROS genes and
DNA repair genes.

FIGURE 1 | Consistent clustering results of ROS-related genes and screening of differential genes. (A) Consistent Cumulative Distribution Function (CDF) diagram:

this diagram shows the cumulative distribution function when k takes different values, which is used to determine when k takes the value, CDF reaches an

approximate maximum value, and the cluster analysis result is the most reliable at this time. (B) Delta Area Plot: this graph shows the relative change of the area under

the CDF curve between k and k-1. When k = 6, the area under the curve only increases slightly, so 5 is the appropriate value of k. (C) Matrix heat map when k = 5:

the rows and columns of the matrix are all samples, and the values of the consistency matrix range from 0 (it is impossible to cluster together) to 1 (always cluster

together) from white to dark blue Color indicates that the consistency matrix is arranged according to the consistency classification (the tree diagram above the heat

map). The bar between the dendrogram and the heat map is the category. (D) Survival prognosis curves of different categories. (E) The differential gene volcano map

describes the situation of the differential gene. The y-axis of the volcano graph is -log10 (Q-value), that is, qvalue (value after p-value correction) is –log10, so the

higher the value, the smaller the qvalue is, the more significant it is. The abscissa is Log2 fold change, that is, log2 is taken for fold change, so the closer the points on

both sides (each point represents a gene), the greater the increase or decrease in gene expression. (F) Genes with significant differences in the C1–C5 categories.
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Sample Reclassification and Differential
Gene Expression Analysis in Different
Prognostic Categories
The categories and prognosis of some samples of the two
clustering methods were different. The samples obtained from
the two clusters are reclassified in an interactive manner and
called ROS_Cn_DNA_Repair_Cm (Table 1). Then, differential
genes were compared in different categories according to ROS
genes and DNA repair genes in the new category.

Regulatory Network and Correlation
Analysis Among Target Genes
ROS-related and DNA repair genes significantly different in
the new categories were obtained where the samples obtained
from the two clusters are reclassified in an interactive manner
and called ROS_Cn_DNA_Repair_Cm. A regulatory network
was constructed using the STRING database, the correlation

coefficient between the two set of genes at the same time was
calculated, and then the relationship between ROS-related and
DNA repair genes was obtained.

LASSO Regression Analysis for the
Construction of the Prognostic Gene
Model
Univariate Cox proportional hazards regression analysis was
performed to screen target ROS-related genes and DNA repair
genes significantly associated with overall survival (OS) in the
TCGA LUAD dataset. Then, LASSO Cox regression analysis
of the identified OS-related genes was performed using the
R-glmnet package. Multivariable Cox proportional hazards
regression analysis was performed to establish the prognostic
model of the target genes. The LUAD samples were divided into
high risk and low risk by themedian risk score; the Kaplan–Meier
curve was constructed, and the log-rank test was conducted to

FIGURE 2 | Consistent clustering results of DNA repair related genes and screening of differential genes. (A) Consistent Cumulative Distribution Function (CDF)

diagram: this diagram shows the cumulative distribution function when k takes different values, which is used to determine when k takes the value, CDF reaches an

approximate maximum value, and the cluster analysis result is the most reliable at this time. (B) Delta Area Plot: this graph shows the relative change of the area under

the CDF curve between k and k-1. When k = 7, the area under the curve only increases slightly, so 6 is the appropriate value of k. (C) Matrix heat map when k = 6: the

rows and columns of the matrix are all samples, and the values of the consistency matrix range from 0 (it is impossible to cluster together) to 1 (always cluster together)

from white to dark blue Color indicates that the consistency matrix is arranged according to the consistency classification (the tree diagram above the heat map). The

bar between the dendrogram and the heat map is the category. (D) The differential gene volcano map describes the situation of the differential gene. The y-axis of the

volcano graph is –log10 (Qvalue), that is, qvalue (value after pvalue correction) is –log10, so the higher the value, the smaller the qvalue is, the more significant it is. The

abscissa is Log2 fold change, that is, log2 is taken for fold change, so the closer the points on both sides (each point represents a gene), the greater the increase or

decrease in gene expression. (E) Survival prognosis curves of different categories. (F) Genes with significant differences in the C1–C6 categories.
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compare the survival differences between the two groups. The
ROC curve was used to evaluate the accuracy of the model.
GSE68465 data were used as the validation set to further confirm
the model.

RESULTS

Data Processing Results
The ROS-related gene set as the hallmark of ROS-related pathway
containing 49 genes, and the DNA repair gene set Kauffmann
DNA repair genes (1) containing 230 DNA repair genes were
downloaded from the MSigDB and used with the GSEA. The
intersection of these genes with the genes from TCGA resulted in
a total of 45 ROS-related genes and 194 DNA repair genes. The
TCGA samples with incomplete clinical data and survival time
<30 days were not taken into consideration and removed, and
the data of 465 samples were collected for further analysis.

Consistent Clustering and Screening of
ROS-Related Genes and DNA Repair
Genes
The consistent clustering of TCGA_ROS data divided the 465
samples into five categories. The survival analysis of the 5
categories revealed a significant difference in survival, with
the category C3 having the worst prognosis, while the C5

having the best prognosis. The difference analysis resulted in
a total of 14 ROS-related genes (11 up-regulated and 3 down-
regulated genes). Then, the expression of differential genes in
the 5 categories was compared, and 10 genes were significantly
different in C1–C5 (Figure 1).

Similar to the above procedure, the consistent clustering of
TCGA_DNA repair gene data divided the 465 samples into 6
categories, and survival analysis of these 6 categories revealed
that C3 had the worst prognosis, while C2 had the best prognosis.
Forty-nine DNA-related differential genes (48 up-regulated genes
and 1 down-regulated gene) were obtained, the differences of
genes in the 6 categories were compared, and the results revealed
that 25 genes were significantly different in C1–C6 (Figure 2).

Subsequently, ROS-related and DNA repair genes were
visualized in the ROS classification and DNA repair genes and
ROS-related genes were visualized in the DNA classification
in order to observe the overall expression of genes in the
two classifications. Certain differences in the expression of
ROS-related and DNA repair genes existed, corresponding to
different clustering methods. The most intuitive reaction was
that ROS_C3 had the most different prognosis, and the ROS-
related and DNA repair genes contained in it were highly
expressed. The differences in the expression of the two categories
of genes in other categories were not the same, which might be
related to the mutual regulation of the two categories of genes
(Figure 3).

FIGURE 3 | Clustering heat map of ROS-related differential genes and DNA repair-related differential genes in different categories. (A) Clustering heat map of

differential genes in C1–C5 categories of ROS clustering. (B) Clustering heat map of DNA repair-related differential genes in C1–C6 categories of DNA-repair

clustering. (C) Clustering heat map of ROS-related differential genes in C1–C6 categories of DNA-repair clustering. (D) Clustering heat map of DNA-repair-related

differential genes in C1–C5 categories of ROS clustering.
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Differences in Survival and Gene
Expression in the Reclassification Samples
The samples obtained from the two clusters were interactively
divided into ten categories, as shown in Table 1. The survival
analysis revealed that the survival prognosis of the patients
whose samples that originally belonged to the ROS category was
significantly different after regrouping. The comparison of the
expression of the genes between the different new classifications
that originally belonged to the ROS category revealed that the
higher the expression of up-regulated ROS-related and DNA
repair genes, the worse the prognosis, while the down-regulated

genes (CYR2, PFKP, CAT) were positively correlated with a
longer survival (Figures 4, 5; Table 2).

Regulatory Network and Correlation
Analysis Among Target Genes
The enrichment of differential ROS-related and DNA repair
genes in the ROS_Cn_DNA_Repair_Cm category was visualized
by the Venn diagram, and the intersection between the
differential genes of the ROS and DNA repair categories was
performed to obtain a total of 29 target genes (Figure 6). These
29 differentially enriched genes were imported into STRING to

FIGURE 4 | Survival prognostic curves of reclassified samples in different classifications. (A) Survival prognostic curves of ROS_C1_DNA_Repair_C1 and

ROS_C1_DNA_Repair_C3. (B) Survival prognostic curves of ROS_C2_DNA_Repair_C5 and ROS_C2_DNA_Repair_C6. (C) Survival prognostic curves of

ROS_C3_DNA_Repair_C1 and ROS_C3_DNA_Repair_C3. (D) Survival prognostic curves of ROS_C4_DNA_Repair_C1, ROS_C4_DNA_Repair_C4 and

ROS_C4_DNA_Repair_C5.
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FIGURE 5 | Differentially expressed genes of reclassified samples in different classifications. (A) ROS-related differential genes with obvious differences between

ROS_C1_DNA_Repair_C1 and ROS_C1_DNA_Repair_C3. (B) DNA repair-related differential genes with obvious differences between ROS_C1_DNA_Repair_C1 and

ROS_C1_DNA_Repair_C3. (C) ROS-related differential genes with obvious differences between ROS_C2_DNA_Repair_C5 and ROS_C2_DNA_Repair_C6. (D) DNA

repair-related differential genes with obvious differences between ROS_C3_DNA_Repair_C1 and ROS_C3_DNA_Repair_C3. (E) ROS-related differential genes with

obvious differences between ROS_C3_DNA_Repair_C1 and ROS_C3_DNA_Repair_C3.

TABLE 2 | Up-regulated and down-regulated genes related to the prognosis of

reclassified samples.

Subtype Survival prognosis

Bad Good

Up regulated genes Down

regulated

genes

ROS_C1_DNA_Repair_C1

ROS_C1_DNA_Repair_C3

PRDX4 POLQ NEIL3 XRCC2 BRIP1

TREX2 EXO1 EME1 RAD54L BLM

POLE2 RAD51 CHEK1 MAD2L1

CHAF1B BRCA1 RAD51AP1 RRM2

TOP2A RFC4 CHAF1A PTTG1 RFC3

RFC5 POLB FEN1 H2AFX

PFKP

CAT

CYR2

ROS_C2_DNA_Repair_C5

ROS_C2_DNA_Repair_C6

NQO1 PFKP

ROS_C3_DNA_Repair_C1

ROS_C3_DNA_Repair_C3

LIG1 MAD2L1 PTTG1 RAD54B

IPCEF1 TXNRD1

CAT

construct a gene regulation network and calculate the correlation
coefficient among genes. The results showed that the DNA
repair genes had a strong internal regulatory relationship. DNA
repair and ROS-related genes could be linked through NEIL3-
TXNRD1, and the Pearson correlation coefficient between the
two was 0.60. In addition, the CYR2 gene showed a negative
correlation with other ROS-related and DNA repair genes, while

NQO1, PRDX4, and IPCEF1 showed a weak negative correlation
with other genes (Figures 7–9).

Prognostic Model and Genes Associated
With Prognosis
A total of 49 DNA repair and 14 ROS-related genes from
the TCGA LUAD data were analyzed by Univariate Cox
regression. Twenty-eight genes were associated with a
prognosis and were entered into the LASSO regression
analysis (Figure 10), and a total of eight genes (TERT, PTTG1,
SMUG1, PRKDC, H2AFX, PFKP, TXNRD1, and CAT) were
identified to build the model. The prognostic value of the
risk scores was assessed, which were estimated with the
formula: risk score =

∑
Xβ

∗ coef β, where coef β was the
coefficient and Xβ was the gene relative expression (risk score =
TERT∗0.102+PTTG1∗0.012+SMUG1∗0.123+PRKDC∗ 0.005+
H2AFX∗0.002+ PFKP∗0.003+TXNRD1∗0.0006+CAT∗-0.003).
As regard the TCGA LUAD data, the risk score in both univariate
and multivariate analysis was significantly related to OS (HR
= 4.494, 95% CI = 2.563–7.880, p < 0.001; HR =4.155, 95%
CI = 2.258–6.645, p < 0.001, respectively) (Figures 12A,B).
The patients with low-risk scores showed a significantly better
prognosis than those with a high-risk score (Figures 11A,B)
both in TCGA and GEO LUAD data, as demonstrated by the
Kaplan–Meier cumulative curve. The AUC of the risk score
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FIGURE 6 | Venn diagram of differential genes in different categories. (A) Venn diagrams of ROS-related differential genes in different categories. (B) Venn diagrams of

DNA repair-related differential genes in different categories. The black in the figure indicates that there is data at that location, and the gray point indicates that there is

no data. Connecting different points indicates that there is an intersection. See the bar chart above for specific data. See the bar graph on the left for the total amount

of different types of data.

FIGURE 7 | Regulatory network of ROS-related genes and DNA repair genes. The ROS-related genes NQO1, TXNRD1, and PRDX4 could establish links with other

DNA repair genes through the DNA repair gene NEIL3.
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FIGURE 8 | Heat map of the correlation between ROS-related genes and DNA repair genes.

was 0.731, which implied that the Cox model could predict the
prognosis quite well (Figure 12C).

DISCUSSION

ROS is produced in many cellular compartments including
mitochondria, which are the major source of ROS (mROS)
(15). Superoxide anion (•O2-), hydrogen peroxide (H2O2) and
hydroxyl radical (•OH) belong to a group of highly reactive

and heterogeneous molecules derived from oxygen (O2) and
are the main forms of ROS in biological systems (16). Many
factors in the tumor microenvironment, including the presence
of ROS, promote the progress of solid tumors. The increase
of ROS level, the imbalance of redox homeostasis and the
enhancement of antioxidant capacity are some of the many signs
in cancer cells. Therefore, the understanding and elucidating
the role of ROS in the tumor microenvironment is essential for
developing new methods to combat this disease (17). Various
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FIGURE 9 | Chord diagram of the correlation between ROS-related genes and DNA repair genes.

tumors, including LUAD, possess high levels of ROS with
abnormal metabolism and constitutive carcinogenic signals. ROS
are the main effectors of DNA damage associated with cancer
and is accompanied by tumor suppression (18, 19). Therefore,
tumor cells adapt to the oxidative DNA damage to prevent cell
destruction by regulating cell necrosis through the modification
in the expression of some genes, thereby inducing the aberrant
expression of signaling networks that cause tumorigenesis and
metastasis (20). 8-hydroxyguanine is the strongest product of

oxidative stress in cells, and is mostly closely related to the
occurrence and development of tumors. The DNA repair gene
can hydrolyze 8-hydroxyguanine in the base pool to avoid
base mismatch and replacement. Once the 8-hydroxyguanine in
tumor cells is hydrolyzed by the DNA repair gene, it promotes
tumor cell growth. Certain protective effects lead to a malignant
phenotype, poor cancer prognosis, or resistance to treatment
(21, 22). In some cases, tumors up-regulate the mutagenic repair
pathways to survive. Therefore, cancer cells generally rely more
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FIGURE 10 | Target genes screened by univariate prognostic analysis.

FIGURE 11 | Kaplan-Meier analysis of OS for LUAD patients using TCGA and GEO database. (A) Kaplan-Meier survival curves of the relative OS of high- and low-risk

groups in TCGA database. (B) Kaplan-Meier survival curves of the relative OS of high- and low-risk groups in GEO database.

on repair pathways than normal cells. In addition, cancer cells
often have dysfunctional redox homeostasis, and therefore once
again, they rely heavily onmechanisms that repair oxidative DNA

damage and inhibit enzymes that modify compounds, which can
then be incorporated into genomic DNA in their unmodified
form. Processes such as replication and oxidative stress provide
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FIGURE 12 | Construction of ROS and DNA-repair-related genes model for patients with LUAD. (A) Prognostic values of ROS and DNA-repair -related genes by

univariate Cox regression analysis. (B) Prognostic values of ROS and DNA-repair -related genes by multivariate Cox regression analysis. (C) ROC curve of ROS and

DNA-repair -related genes.

a background for ongoing DNA damage in cancer cells and
can provide a potential therapeutic window for compounds that
exacerbate these processes. Such compounds can accomplish by
further emphasizing replication, weakening the ability of cancer
cells to handle high levels of replication or oxidative stress, or
potentially inhibiting DNA repair and related processes (23–25).

Therefore, in this work, the synergistic tumorigenic effect of
ROS-related genes and DNA repair genes was evaluated, and
the regulatory relationship between the two groups of genes was
further explored. It is important to consider whether it is better to
use ROS to kill cancer cells or to inhibit the DNA repair in cancer
cells to improve patient prognosis.

The expression of ROS-related genes and DNA repair genes
was used to cluster TCGA tumor samples uniformly. ROS-
related genes divided tumors into classes, and DNA repair genes
divided tumor samples into classes. Significant differences in
survival between the internal classifications were obtained by the
two clustering methods, and the differentially expressed genes
were further screened. Our analysis found that the samples that
originally belonged to the ROS classification partial overlapped
in the classification of DNA repair genes. After reclassifying the
samples according to the two classifications, the prognosis of
patients changed when the expression of ROS-related and DNA
repair genes in the samples changed. Thus, our hypothesis was
that ROS-related and DNA repair genes might have a mutual
regulatory relationship, which in turn affected the occurrence
and development of tumors. A total of 29 differential genes were
finally identified and included 5 ROS-related and 24 DNA repair
genes. STRING analysis of the regulatory relationship found that
3 ROS-related genes (NQO1, TXNRD1, and PRDX4) can be
repaired by the DNA repair gene NEIL3 and other DNA repair
genes.A large amount of evidence showed that NQO1 has a
“Janus” effect in cancer biology, playing a role in suppressing
cancer and promoting tumors (26). NQO1 is constitutively
expressed at a relatively low level in various normal tissues.
Under oxidative stress, NF-E2 p45-related factor 2 (Nrf2)/Kelch-
like ECH-related protein 1 (Keap1) signaling pathway can
cooperate to transcribe a series of defense genes and provide cells
with multiple layers of protection against carcinogenesis. These

measures include the immediate elimination of ROS (27). The
expression of NQO1 is considered as a practical and economical
way to control cancer. NQO1 is abnormally up-regulated in solid
tumors, and high levels of NQO1 are associated with poor patient
prognosis. It is known that cancer cells have a significant increase
in ROS production compared to normal cells. In this case, high
levels of NQO1 in cancer can help cancer cells to cope with the
increased ROS just like normal cells, thus, tumor growth and
metastasis is not only not compromised, but promoted (28). Our
results showed that NQO1 was correlated with the expression
of the DNA repair gene NEIL3 (Pearson correlation coefficient),
suggesting its role as a tumor control gene.

The cytoplasmic selenoprotein thioredoxin reductase 1
(TXNRD1) has several different effects related to cancer
including the protection of normal cells to evolve into cancer cells
or the protection against the promotion of cancer progression.
TXNRD1 has a unique connection with Nrf2 signaling
and ribonucleotide reductase-dependent deoxyribonucleotide
production and it supports a variety of antioxidant systems
against oxidative stress. Thus, it is essential that metabolic
pathways regulated by TrxR1 are affected in cancer (29). Our
regulatory network suggested that TXNRD1 had a significant
correlation with the DNA repair gene NEIL3, thus, it might be
considered as a potential targeted gene in a combination therapy
affecting ROS-related genes and DNA repair genes.

Peroxiredoxin 4 is a typical peroxidase 2-Cys antioxidant in
the endoplasmic reticulum, which protect cells against oxidative
stress by detoxifying hydrogen peroxide, thus promoting
cell survival (30). The role of PRDX4 in cancer received
considerable attention. The expression of PRDX4 in NSCLC-
derived endothelial cells is higher than that in normal cells
(31). Sulfiredoxin is an antioxidant protein induced by H2O2
that acts as a catalyst for reducing the peroxidized PRDXs
to reduce their peroxidase activity. Sulfiredoxin is more
inclined to combine with PRDX4 than other PRDXs. The up-
regulation or down-regulation of the sulfiredoxin-PRDX4 axis
can affect the mitogen-activated protein kinase pathway, cAMP
response element binding protein and activator protein-1/matrix
metalloproteinase axis pathway (32). Furthermore, another study
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revealed that the expression of PRDX4 is closely related to the
disease-free survival time and short recurrence time of patients
with early-stage lung squamous cell carcinoma undergoing early
radical surgery (33).

Endonuclease VIII-like 3 (NEIL3) is a DNA glycosylase
protein that is involved in oxidative and interstrand crosslink
DNA damage repair (34). NEIL3 is highly expressed in various
human cancer cells and is associated with metastatic cancer,
indicating that it may be necessary to maintain cancer cell
growth or malignant progression (21, 35). NEIL3 overexpression
is positively correlated with homologous recombination and
mismatch repair gene expression. High NEIL3 expression may
promote cancer phenotype by increasing genomic instability
and/or interfering with other DNA repair (34). Our analysis
found that NEIL3 played a pivotal role in the connection between
DNA repair genes and ROS-related genes. Therefore, the mutual
regulation of ROS-related and DNA repair genes centered on
NEIL3 might become an important topic for further studies.

A prognostic model based on all differentially expressed
ROS-related genes and DNA repair genes was constructed and
combined with the clinical data of the samples, and finally
nine genes were selected to calculate the risk score. The results
revealed that the prognosis of patients in the high- and low-
risk groups was significantly different, and the GEO data verified
this result. The multivariate analysis suggested that the risk score
could be used as an independent prognostic factor to evaluate

patient prognosis. The above mentioned model genes included
three ROS-related genes and six DNA repair genes, and TXNRD1
gene played an important role in the regulatory network of the
two groups of genes, as revealed by previous studies.

CONCLUSION

This study might highlight the significance of ROS-related and
DNA repair genes in LUAD, and the combined target of ROS and
DNA repair genes might be a promising strategy in the treatment
of LUAD, although further studies should be performed to
validate these findings.
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Background and Objective: Persistent infection of hepatitis B virus (HBV) and

liver damage in immune active chronic hepatitis B (CHB) could be partly due

to the overreaction of natural killer (NK) cells, including pro-inflammatory cytokine

secretion and cytotoxicity. An immunosuppressive receptor, T-cell immunoglobulin and

immunoreceptor tyrosine–based inhibitory motif (ITIM) domain (TIGIT) is specifically

expressed in NK cells. This study aims to investigate the role of the TIGIT signaling

pathway in regulating NK cell functions in patients with CHB.

Method: We comparatively assessed the expression of TIGIT in NK cells of patients with

immune active CHB (CHB-IA), carriers of immune control chronic HBV (CHB-IC), and

healthy controls (HCs), and then explored mechanisms of the TIGIT signaling pathway in

regulating NK cell-mediated liver injury by different molecular assessments.

Result: The expression of TIGIT in NK cells was enhanced in CHB-IC but was reduced

in CHB-IA compared with the HC group. In patients with CHB-IA, the expression of

TIGIT was inversely correlated with intensity of the liver damage. Moreover, TIGIT-NK

cells show higher IFN-γ secretion capability, degranulation activity, and cytotoxicity but

lower apoptosis than TIGIT+ NK cells. Blockade of the TIGIT pathway with anti-TIGIT

antibody increased NK cell function, while activation of the TIGIT pathway with TIGIT Fc

and CD155 Fc chimera protein down-regulated NK cell function.

Conclusion: Our data showed that the TIGIT signaling pathway participates in NK cell

impairment, which could be used as a new therapeutic target to protect patients with

chronic HBV infection from severe liver injury.

Keywords: hepatitis B virus (HBV), chronic hepatitis B, natural killer (NK) cell, TIGIT, cytokine secretion, cytotoxicity

INTRODUCTION

Among the primary reasons for liver diseases, chronic hepatitis B virus (HBV) infection has an
estimated 350 million carriers globally (1). It has been reported that 14–30% of patients with
chronic hepatitis B (CHB) suffer from cirrhosis with end-stage liver disease and hepatocellular
carcinoma (HCC) (2), which causes 786,000 deaths per year (3). Normally, chronic infection
of HBV involves immune tolerant (IT), immune activated (IA), immune control (IC), and
immune escape phases (4). The IA phase is associated with rapid disease progression and
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recurrent necroinflammation, while the IC phase (previously
called the inactive carrier phase) is often associated with lowered
risk of HCC and cirrhosis (1, 4). However, differences in immune
mechanisms between patients with CHB-IA and those with
CHB-IC are largely unknown, and exploring the mechanisms of
why patients with CHB-IA suffer from serious liver injuries and
complications might provide a new therapeutic target for early
diagnosis and appropriate treatment.

Persistent infection of HBV, death of hepatocytes, and liver
injury might be due to the dysfunction of immune system. The
liver of patients with CHB with damaged liver cells usually have
high levels of non-viral specific lymphocytes. Natural killer (NK)
cells make up 30–50% of intrahepatic lymphocytes and play
vital roles against HBV infection (5, 6), but uncontrolled NK
cell activation in an infected tissues may also lead to chronic
immunopathology in these tissues (7). Previous studies have
demonstrated that the cytotoxicity and cytokine production of
NK cells correlate with the extent of damage to the liver inmurine
hepatitis models and patients with CHB (8, 9). Some studies have
reported that during the CHB-IA stage, liver injury could lead to
increased NK cell cytotoxicity (9, 10), which was caused by high
levels of interleukins (ILs)-12,−15, and−18 in situ and low level
of IL-10 (10). Moreover, hepatocyte necrosis (11), mediated by
TRAIL, NKG2D/NKG2D ligand, and Fas/Fas-ligand, is another
important factor (12). Main findings of the current literature on
the activation of NK cells over CHB progression are reduced
cytotoxicity, NKp30 and NKG2D expression, and production
of IFN-γ (13). However, findings of studies on the activation
and functioning of NK cells and their regulating mechanisms
are controversial that necessitate conducting further studies to
investigate the roles and activating mechanisms of NK cell
functions in HBV infection.

T-cell immunoglobulin and immunoreceptor tyrosine–based
inhibitory motif (ITIM) domain (TIGIT) is a newly found
inhibitory molecule (14), which is expressed in NK cells and
T cells at high levels. The TIGIT signaling pathway has been
reported to be involved in the progression of various tumors
(15–19), autoimmune diseases (20, 21), and chronic infections
(15, 22, 23). Previous studies have shown that TIGIT was
highly expressed on NK cells from murine acute viral hepatitis
and negatively regulated NK-cell activation (24), which reduced
liver injury and facilitated liver regeneration (25). Moreover,
treatment of HCV infection results in downregulated TIGIT
expression in T cells in the case of untreated severe infection (26).
In viral hepatitis, TIGIT limits the activity of NK cells via the
ITIM domain. However, the role of the TIGIT pathway in NK
cell activity regulation in patients with CHB is yet to be explored.

Abbreviations: ALT, alanine aminotransferase; IA, immune-active; CHB, chronic
hepatitis B; HBV, hepatitis B virus; HCs, healthy controls; IC, immune-control;
HCC, hepatocellular carcinoma; HBsAg, hepatitis B surface antigen; HBeAb,
hepatitis B e antibody; NK, natural killer; HBeAg, hepatitis B e antigen;
IFN-γ, interferon gamma; HBcAg, hepatitis c surface antigen; IL, interleukin;
mAbs, monoclonal antibodies; TIGIT, T-cell immunoglobulin and ITIM domain;
PBMCs, peripheral blood mononuclear cells; CFSE, carboxyfluorescein-diacetate-
succinimidyl-ester; APRI, aspartate aminotransferase-to-platelet ratio index; LPS,
lipopolysaccharide.

This study aimed to evaluate the role of TIGIT in regulating
NK cell function in patients with CHB. We found that
the expression of TIGIT in NK cells decreased in CHB-IA
compared with CHB-IC and HCs, and that TIGIT-NK cells
show higher IFN-γ secretion capability, degranulation activity,
and cytotoxicity but lower apoptosis than TIGIT+ NK cells.
Furthermore, TIGIT signaling pathway blockade could restore
the activity of NK cells, and activation of this pathway exerted
opposite effect on NK cell function. Overall, we discovered a
mechanism, for the first time, of TIGIT-mediated regulation of
NK cell function, which may act as a novel target for protection
of patients with CHB from acute inflammation and liver injury.

MATERIALS AND METHODS

Subjects of This Study
Experimental procedures of this study were approved by the local
ethics committee of Tongji Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan, China
(ethic code: TJ-IRB20210225), and were in accordance with
the ethical standards and regulations of human studies of the
Helsinki Declaration (27). Study population included patients
with CHB-IA (n = 74), CHB-IC (n = 40), and healthy controls
(HCs) (n = 40) who were referred to the Tongji Hospital,
Wuhan, China. The age of the participants was between 18 and
60 years old, and they did not undergo immunosuppressive drugs
or antiviral therapy within 6 months prior to sampling. Each
participant provided written informed consent and was required
to fill in a questionnaire regarding his or her medical history and
associated treatments.

Each patient fulfilled the amended criteria for CHB (4, 28),
patients with CHB-IA were HBsAg+ and HBeAg+ for more
than 6 months and ALT > ULN. They were also detected with
fluctuating or high levels of HBV replication (>2,000 IU/ml of
HBVDNA levels) (4). CHB-IC (previously called inactive carrier)
were HBsAg+ more than six-months, anti-HBe+ and HBeAg-,
and undetectable serumHBVDNA level with perpetually normal
aminotransferases activity. Only patients with compensated liver
disease have been selected. HCs were defined as participants
with no clinical signs or symptoms of the disease. Criteria for
exclusion were tuberculosis, pregnancy, HCV and HIV infection,
renal failure, and diabetes mellitus.

Clinical Data Collection
The aspartate aminotransferase-to-platelet ratio index (APRI)
score (4) was used to assess cirrhosis and fibrosis in participants
with CHB. To do so, aspartate transaminase (AST) and platelet
(PLT) levels were measured in the patients. Calculation formula
was as follows: APRI score=AST/ULN× 100/PLT (109/L). ULN
is the upper limit of normal AST in the laboratory during the time
of this study (4). When the APRI score is over 2, a patient might
suffer from hepatic cirrhosis.

Cell Preparation and Activation
Isolation of peripheral blood mononuclear cells (PBMCs) was
conducted on the heparinized blood from patients with CHB-
IA, HCs, and patients with CHB-IC using Ficoll-Hypaque
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density gradients (Sigma-Aldrich, United States). After isolation,
cells were grown in an RPMI-1640 medium from Gibco
(NY, United States) containing 10% fetal bovine serum at
37◦C in 5% CO2 atmosphere with appropriate humidity.
Monocyte-depleted PBMCs were isolated from the supernatant
of PBMCs overnight.

Stimulation of PBMCs and monocyte-depleted PBMCs was
performed with LPS (10µg/ml; Sigma, United States), IL-
12 (100 U/ml; BioLegend, United States), HBsAg protein
(1.68 mg/ml; Fitzgerald, United States), HBcAg protein (1.8
mg/ml; Fitzgerald), or HBsAg + HBcAg protein mixture (.05
mg/ml) for 24 h. In blocking experiments, IgG control or
functional anti-human TIGIT antibody (5µg/ml) was added
and incubated for 24 h. Recombinant Chimera CD155 Fc
protein (.5µg/ml), recombinant human TIGIT Fc Chimera
protein (5µg/ml), or IgG control was included in the
culture medium to activate the TIGIT pathway. To detect
the intracellular production of IFN-γ, monensin (1µM) was
added to the cultures for the last 6 h of incubation. The
cells were collected after stimulation and examined by flow
cytometry. The IgG control and monensin were obtained
from eBioScience (San Diego, CA, United States), and the
recombinant Chimera CD155 Fc protein, recombinant human
TIGIT Fc Chimera protein, and IgG control were obtained
from R&D Systems, United States.

Flow Cytometry Analysis
Staining of cell surface was conducted on the collected cells, and
monoclonal antibodies against TIGIT, CD3, CD56, CD69, CD25,
and CD107a (eBioscience Co., San Diego, CA, United States)
were added to the cell suspensions. As negative controls, isotype
controls having irrelevant specificities were used. Incubation
of these suspensions was done on ice for 30min. To analyze
intracellular IFN-γ, fixing and permeabilization of cells were
conducted with Fixation and Permeabilization Buffer from BD
Biosciences (San Jose, CA, United States). Then, the monoclonal
antibody was added against IFN-γ (eBioscience Co., San Diego,
CA, United States) and kept in the dark for 30min. After washing
out the samples, pellets were re-suspended in a cold 300-µl
staining buffer and analyzed with a FACS Calibur cytometer
(Becton Dickinson Co., United States). Analysis of data was
performed using FlowJo software version 7.6.1 (Tree Star, Inc.,
Ashland, OR, United States).

CD107a Degranulation Assay
The expression of CD107a was estimated to investigate the
degranulation activity of NK cells (29). PBMCs (2.5 × 105)
were stimulated for 24 h with 10 g/ml LPS, and were cultured
in the presence or absence of 2.5 × 104 K562 cells with anti-
CD107a mAb and 2M monensin (eBioScience, San Diego, CA,
United States) during the last 6 h of incubation. Then, CD3 and
CD56 mAbs were used to stain the cells, which were analyzed by
flow cytometry.

Cytotoxicity Assay
Cell cytotoxicity assays for the NK cells were carried out
according to the methods described in the previous study (30).

In brief, purified NK cells from PBMCs of healthy participants
and patients with CHB were stimulated in the presence or
absence of IL-12 (100 U/ml) for 24 h and accumulated as effector
cells. For being used as target cells, labeling of K562 cells was
performed with carboxyfluorescein-diacetate-succinimidyl-ester
(CFSE) (Sigma-Aldrich, United States). Co-incubation of target
cells and effector cells was performed at an effector-to-target
(E:T) ratio of 10:1 for 6 h. Only target cells were added to control
tubes and used to estimate spontaneous cell death. After washing
twice, 5 µl propidium iodide (PI) (eBioscience Co., San Diego,
CA, United States) was added into the suspension of cells, and
the resulting sample was kept in the dark for 15min. Then,
immediate analysis of cells by flow cytometry was carried out
and the target cells that were dead were presented as CFSEhigh

PI+ cells.

Apoptosis Analysis
The PBMCs were cultured with LPS (24, 48, and 72 h). After
harvesting, percentages of apoptosis cells were determined
through Apoptosis Detection Kit from BD Biosciences (San Jose,
CA, United States) as per the provided instructions.

Statistical Analysis
Data are presented as the mean ± Standard Error of Mean
(SEM). Analysis of statistical differences among groups was done
applying the Mann-Whitney U test. The relationship between
two factors was assessed by Spearman’s rank correlation test
for non-parametric data. The statistical analyses were performed
using GraphPad Prism software version 5.01 for Windows
(GraphPad Software Inc., San Diego, CA, USA). A value was
statistically significant at p < 0.05 (∗p < 0.05, ∗∗p < 0.01, and
∗∗∗p < 0.001).

RESULTS

NK Cell Phenotype and TIGIT Levels in
Patients With CHB
The basic activation level of NK cells in patients with CHB was
estimated by flow cytometry after evaluation of CD69 and CD25
expressions in the NK cells. We observed that CD69 expression
on NK cells in CHB-IA Group was significantly higher than that
in HC group, but showed no difference between CHB-IA and
CHB-IC Group (Figure 1A). The expression of CD25 showed
no difference among CHB-IA, HCs, and CHB-IC (Figure 1B).
The baseline production of IFN-γ by NK cells was relatively
low without stimulation, and there was no difference among
the three groups (Figure 1C). CD107a expression in NK cells
with K562 as target cells was increased in CHB-IA compared
with that in CHB-IC and HCs (Figure 1D). Furthermore, we
detected TIGIT expression in NK cells of CHB-IA, CHB-IC,
and HCs, and found that the percentage of TIGIT+ NK cells
decreased in CHB-IA but increased in CHB-IC compared to that
in HCs (Figure 1E). We also detected the expression of TIGIT
in NK cells post-stimulation with LPS or IL-12 and observed no
difference (Supplementary Figure 1). To assess the relationship
between liver injury and TIGIT expression, APRI score was used
to assess the level of liver damage. When the APRI score is
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FIGURE 1 | NK cells phenotype and TIGIT levels in the three groups of patients. (A–C) PBMCs isolated from CHB-IA, CHB-IC, and healthy individuals were analyzed

by flow cytometry without any stimulate. Representative FACS histograms showing the expression of CD69 (A) or CD25 (B) on peripheral blood NK cells. The mean

fluorescence intensity (MFI) of CD69 (A) or CD25 (B) is shown as mean ± SEM (n = 7∼12). (C) Representative FACS plots showing the production of IFN-γ in

peripheral blood NK cells without stimulation. The percentages of IFN-γ is also shown as mean ± SEM (n = 10 subjects per group, right). (D) The PBMCs isolated

from the three groups were stimulated with IL-12 for 24 h with K562 as target cells. Representative FACS plots showing the expression of CD107a on peripheral. The

percentages of CD107a + NK cells are shown as mean ± SEM (n = 16–23 subjects per group) (Mann-Whitney U test). (E) Representative FACS histograms showing

the expression of TIGIT on peripheral blood NK cells. The mean fluorescence intensity (MFI) of TIGIT is also shown as mean ± SEM (n = 10 subjects per group, right).

(F) APRI score in the three groups is shown as the mean ± SEM (n = 9 subjects per group). Data are from a single experiment representative of three. ***p 0.001

(Student’s t-test). (G) Correlation between TIGIT and APRI scores expression on NK cells in CHB patients is shown (Spearman’s rank correlation test). Each symbol

represents an individual donor. Data are from a single experiment representative of three. *p < 0.05, **p < 0.01, ***p < 0.001.
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over 2, a patient might suffer from hepatic cirrhosis. The APRI
score is correlated with the liver damage level. We found that
the APRI score in the CHB-IA group was significantly increased
compared with that in CHB-IC and HCs (Figure 1F), and that
there was an inverse correlation between TIGIT expression and
the APRI score in patients with CHB-IA (r= 0.6358, p < 0.0001)
(Figure 1G).

Association Between the Expression of
TIGIT and NK Cell Phenotype in Patients
With CHB-IA
In the next step, we tried to determine the association between
the expression of TIGIT and the phenotype of NK cells in
the patients with CHB-IA. We found that the percentage
of CD69+ and CD25+ cells among the TIGIT-NK cells
did not differ significantly from the TIGIT+NK cells in
the patients with CHB-IA (Figures 2A,B). However, the
TIGIT-NK cells had higher baseline IFN-γ production
than the TIGIT+NK cells with no stimulation (Figure 2C).
We also observed that the TIGIT-NK cells possessed
significantly higher background CD107a expression than the
TIGIT+NK cells (Figure 2D).

TIGIT Expression and NK Cell Function Are
Inversely Related
We further examined the possible association between expression
of TIGIT and NK cell activity. We found lower activation
potential of NK cells in CHB-IA, so were degranulation and
IFN-γ production ability. After stimulation with LPS, CD69
and CD25 levels in NK cells were lower in the patients with
CHB-IA than in the HCs (Figures 3A,C). The TIGIT+ NK
cells had higher CD69 expression than the TIGIT-NK cells,
but no correlation between the expression of TIGIT and CD69
(CD25) was observed (Figures 3B,D). Then, we detected the
capability of producing IFN-γ by the NK cells by stimulation
with IL-12. Our data showed that IFN-γ production by the
NK cells in CHB-IA was lower than in HCs and CHB-IC,
and that it was inversely correlated with TIGIT expression
(Figures 3E,F). We also found that the expression of CD107a
in NK cells after K562 cell stimulation with LPS as target cells
was relatively low in CHB-IA and inversely correlated with
TIGIT expression (Figures 3G,H). Additionally, we assessed the
apoptosis of NK cells and found that the apoptosis level of NK
cells in patients with CHB-IA was remarkably less than that in
HCs and CHB-IC at different time points by LPS stimulation
(Figure 3I). The TIGIT+NK cells exhibited higher apoptosis
than the TIGIT-NK cells, and the level of TIGIT was associated

FIGURE 2 | TIGIT expression and NK-cell phenotype in CHB. PBMCs isolated from healthy individuals were analyzed by flow cytometry without any stimulate. FACS

plot showing the expressions of CD69 (A) or CD25 (B) on NK cells from a representative CHB-IA patient. CD69 expression on TIGIT- or TIGIT+ NK cells is shown as

the mean ± SEM (n = 12 subjects per group). (C) FACS plot showing the expressions of IFN-γ in NK cells from a representative CHB-IA patient. Expression on TIGIT-

or TIGIT+ NK cells is shown as the mean ± SEM (n = 8 subjects per group). (D) FACS plot showing the expressions of CD107a on NK cells from a representative

CHB-IA patient. CD107a expression on TIGIT- or TIGIT+ NK cells is shown as the mean ± SEM (n = 9 subjects per group). Data are from a single experiment

representative of three. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 3 | Correlations of TIGIT expression with the function of NK in different groups of the study. PBMCs isolated from CHB-IA, CHB-IC and healthy individuals

were stimulated with LPS (A–D) or IL-12 (E, F) for 24 h. (A,C) The percentages of CD69+ (A) or CD25+ (C) NK cells before and after stimulation with LPS in the three

groups were evaluated by flow cytometry. Data are expressed as the mean ± SEM (n = 8–15 subjects per group) and are from a single experiment representative of

three. *p < 0.05 (Mann-Whitney U test). (B,D) The percentages of LPS-stimulated CD69 (B) or CD25 (D) on TIGIT- or TIGIT+ NK cells was measured by flow

cytometry. Correlation between TIGIT expression and percentages of LPS-stimulated CD69 (B) or CD25 (D) on NK cells is also shown (Spearman’s rank). (E) The

percentages of IFN-γ in NK cells before and after stimulation with IL-12 in the three groups were evaluated by flow cytometry. Data are expressed as the mean ± SEM

(n = 10). (F) The percentages of IL-12-stimulated IFN-γ in TIGIT- or TIGIT+ NK cells was measured by flow cytometry. Data are shown as the mean ± SEM (n = 10).

Correlation between TIGIT expression and percentages of IL-12-stimulated IFN-γ in NK cells is also shown (Spearman’s rank). (G,H) PBMCs were stimulated with

IL-12 in the presence of K562 cells for 24 h. (G) The percentages of CD107a+ NK cells before and after stimulation with IL-12 in the three groups were evaluated by

flow cytometry. Data are expressed as the mean ± SEM (n = 8–10 subjects per group). (H) The percentages of CD107a on TIGIT- or TIGIT+ NK cells was measured

(Continued)
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FIGURE 3 | by flow cytometry. Correlation between TIGIT and LPS-stimulated CD107a expression on NK cells (Spearman’s rank correlation test). (I,J) PBMCs

isolated from CHB-IA,CHB-IC and healthy individuals were stimulated with LPS for 24 h, 48h and 72h. (I) FACS histograms showing the apoptosis of NK cells from a

CHB-IA patient. The apoptosis of (Annexin V+PI-) NK cellsin CHB-IA groups was analyzed at different time points and shown as the mean ± SD (n =5 subjects per

group). (J) The percentages of Annexin V+PI- on TIGIT- or TIGIT+ NK cells was measured by flow cytometry. Data are shown as the mean ± SEM (n = 5 subjects per

group). Data are from a single experiment representative of three. *p < 0.05, **p < 0.01, ***p < 0.001.

with the level of NK cell apoptosis in patients with CHB-
IA (Figure 3J). Therefore, the expression of TIGIT impaired
the function but promoted NK cell apoptosis in the patients
with CHB-IA.

TIGIT Pathway Blockade Enhances the
Function of NK Cells in Patients With
CHB-IA
We assessed whether TIGIT pathway blockade would affect
the functions of NK cells in patients with CHB-IA. First,
we used specific stimulants (HBsAg and HBsAg + HBcAg)
and observed high IFN-γ production by the NK cells,
as shown in Figure 4A. The anti-TIGIT antibody-mediated
blockade of the TIGIT signaling pathway significantly enhanced
the production of IFN-γ by stimulation of nonspecific and
specific stimulants (Figure 4B). It has been reported that the
ligand of TIGIT, CD155, was expressed in monocyte and
dendritic cells. To examine the effect of TIGIT pathway
blockade on the NK cells, monocyte-depleted PBMCs were
used for assessment. We observed significantly enhanced IFN-
γ production in the NK cells tested from PBMCs depleted of
monocyte, and the effect was higher than functional blocking
antibody (Figure 4C). We also observed similar results in
the degranulation capacity of NK cells after TIGIT signaling
pathway blockade. Specific stimulants could also induce the
degranulation of NK cells (Figure 4D), and CD107a expression
was significantly increased when the TIGIT pathway was
blocked (Figure 4E). The cytotoxicity of NK cells was also
detected, and obvious increase in cytotoxicity was observed
after blocking the TIGIT pathway (Figure 4F). Moreover,
the apoptosis level of NK cells was decreased by blocking
the TIGIT pathway (Figure 4G). The results confirmed that
the TIGIT pathway negatively regulated NK cell function
and might act as a protection factor in liver damage during
CHB infection.

Activation of TIGIT Pathway
Downregulates the Activity of NK Cells in
Patients With CHB-IA
In addition, we evaluated the effect of recombinant human

chimera TIGIT Fc protein and CD155 Fc protein on the

function of NK cells in patients with CHB-IA by activating
the TIGIT pathway. Our data reveal that IFN-γ production

and CD107a expression in the NK cells following IL-12
stimulation were all significantly decreased when inducted
with TIGIT Fc or CD155 Fc protein (Figures 5A,B). IL-
12 and specific HBsAg + HBcAg mixture were used to

activate NK cells, and cytotoxicity was also decreased
after activation of the TIGIT pathway (Figure 5C). The
apoptosis level of NK cells significantly increased when
CD155 Fc protein was used to activate the TIGIT pathway
(Figure 5D). These results indicate that TIGIT pathway
activation might downregulate cytokine secretion and
cytotoxicity while increasing the apoptosis of NK cells in
patients with CHB-IA.

DISCUSSION

This study characterizes the immune activity of TIGIT in NK
cells in chronic HBV infection in different stages, demonstrating
that the TIGIT negatively regulates NK cells activity in chronic
HBV infection, and may protect patients from severe liver
injury. Consistent with the findings of earlier studies on NK
cells in chronic HBV infection (9, 10), our findings showed
that NK cells in patients with CHB-IA are over-activated with
increased CD69 expression in NK cells and cytotoxic capacity
compared to CHB-IC and HCs, but that the potential abilities
of activation, IFN-γ production, and degranulation are much
lower, which were the same as the previous study (31). As an
active process, chronic HBV infection reflects the interaction
between replication of HBV and response of the host immune
system. Over-activation of NK cells in patients with CHB-IA
can cause severe immunopathology of infected liver, especially
increased cytotoxic activity (10). On the other hand, the IFN-γ
derived from NK cells exhibits its anti-fibrotic properties by cell
cycle arrest, killing activated HSCs, and HSC apoptotic induction
(6, 32). In this study, the NK cells derived from the patients with
CHB in the IA stage, compared with the individuals in the HC
group, showed higher basic cytotoxicity while producing less or
normal level of IFN-γ. Increased cytotoxicity of the NK cells can
cause liver damage, while the reduced capacity of NK cells for
IFN-γ production possibly decreases their antiviral activity and
anti-fibrotic ability, which may aggravate liver damage, and the
combination of enhanced cytotoxicity and reduced production of
IFN-γ may result in liver necro-inflammation and fibrogenesis.
Why IFN-γ production was lower than expected? A previous
study has shown that NK cells in the liver of patients with
CHB produced different amounts of IFN-γ under different
stimulations (10), when higher upon PMA/ionomycin and lower
upon P815/anti-NCR stimulation in comparison with peripheral
NK cells. And in Jang-June Park (33) study, circulating HBeAg
was shown to mediated HBV persists with virus-specific and
global T-cell dysfunction. Inspired by this, we use HBsAg protein
alone or combine with HBcAg protein as specific stimulants, and
observed obvious changes in IFN-γ secretion and degranulation
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FIGURE 4 | Blockade of the TIGIT pathway affects NK-cell function in CHB-IA. (A,B,D–F) PBMCs isolated from CHB-IA were stimulated with IL-12 or specific

stimulants (recombinant HBsAg protein or recombinant HBsAg and HBcAg protein mixture) in the (A,D) absence or (B,E) presence of TIGIT-Ab protein or IgG control

for 24 h. The percentages of (A,B) IFN-γ and (D,E) CD107a in NK cells before and after stimulation were evaluated by flow cytometry (n = 10). (C) PBMCs or

monocyte-depleted PBMCs were stimulated with IL-12 for 24 h. Representative FACS dot plots showing IFN-γ expression in NK cells from PBMCs or

monocyte-depleted PBMCs (n = 10). (F) Purified NK cells stimulated with or without IL-12 in the absence or presence of TIGIT-Ab for 24 h were collected as effector

cells. K562 cells labeled with CFSE were used as target cells. E:T ratios was 1:10 for 6 h. Representative FACS plots showing cytotoxicity of NK cells. The cytotoxicity

of NK cells in CHB-IA was analyzed and shown as the mean ± SD (n = 5 subjects per group). (G) PBMCs isolated from CHB-IA were stimulated with LPS in the

absence or presence of TIGIT-Ab for 24, 48, and 72h. The percentages of Annexin V+PI- NK cells was measured by flow cytometry. Data are shown as the mean ±

SEM (n = 5). Data are from a single experiment representative of three. *p < 0.05, **p < 0.01, ***p < 0.001.

than those by using IL12. The results were similar to the previous
study in which the plasmidDNA of HBV promoted the activation
of NK cells in addition to cytotoxicity and production of IFN-γ in

the liver (34). However, the trends did not change. Although we
didn’t further investigate why NK cells from IA patients produce
more CD107a but not IFN-γ, but as showed in a previous study
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FIGURE 5 | (A–C) PBMCs isolated from CHB-IA were stimulated with IL-12 or specific stimulants (recombinant HBsAg protein or recombinant HBsAg and HBcAg

protein mixture) in the (A,D) absence or (B,C) presence of CD155Fc or TIGIT Fc protein or IgG control for 24 h. The percentages of (A) IFN-γ and (B) CD107a in NK

cells before and after stimulation were evaluated by flow cytometry. (C) K562 cells labeled with CFSE were used as target cells. E:T ratios was 1:10 for 6 h.

Representative FACS plots showing cytotoxicity of NK cells. The cytotoxicity of NK cells inCHB-IA was analyzed and shown as the mean ± SD (n = 5). (D) PBMCs

isolated from CHB-IA were stimulated with LPS in the absence or presence of CD155Fc or IgG control or 24, 48, and 72h. The percentages of Annexin V+PI- NK

cells was measured by flow cytometry. Data are from a single experiment representative of three. *p < 0.05, **p < 0.01, ***p < 0.001.

(15), in which the production of higher levels of IL-12, IL-
15 and IL-18 might enhance NK activation and polarization
to cytolytic activity in vitro in the livers of IA patients. This
may be an explanation, but still need further more study. This
finding supports the finding of Zhang et al. who reported the
hypercytolytic activity of hepatic NK cells is correlated with
the level of liver injury in patients with CHB (10). However,
further studies should be conducted to shed more light on
this effect.

Our group has previously assessed the expression levels of
TIGIT in different types of lymphocytes in healthy individuals
and found greatest expression levels of TIGIT in NK cells (35),
and along with the activity of NK cells in acute infection of
HBV, we supposed that TIGIT in NK cells may regulate the
function of NK cells. In this study, we observed overexpression
of TIGIT in NK cells in the patients with CHB-IC, but TIGIT

level was much lower in NK cells of CHB-IA than the healthy
individuals. This finding supports the findings of previous
studies (32), in which peripheral and hepatic NK cells exhibited
enhanced expressions of activation markers and receptors but
reduced expression of inhibitory receptors in patients with
CHB in comparison to health controls. TIGIT overexpression
in IC patients might correlated with less liver damage, while
lower expression in IA patients was related with sever liver
injury. Liver injury was shown by APRI scores, which can
evaluate and stage liver fibrosis with lower cost than FibroScan
and biopsy (4). Then, we observed that the expression of
TIGIT in NK cells in patients with CHB and HCs shows no
change under stimulation, which seems to be stable in vitro,
according to our previous study, in which TIGIT expression
in NK cells did not respond to LPS or IL-12 stimulation (35).
These results may suggest that the different clinical outcomes

Frontiers in Medicine | www.frontiersin.org 9 February 2022 | Volume 8 | Article 816474115

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Wang et al. TIGIT Regulates NK-Cells in CHB

might be due to the different basic levels. Moreover, TIGIT
level was correlated inversely with secretion of IFN-γ and
NK cell degranulation, so the TIGIT-negative NK cells have
greater ability for IFN-γ secretion and degranulation. These data
suggested that TIGIT might be a protected marker expressed
by NK cells, which prevented severe liver injury caused by
HBV infection.

We examined the association between the TIGIT pathway
and NK cell functional changes in patients with chronic HBV.
To do so, we used a functional anti-TIGIT antibody and
another recombinant TIGIT Fc chimera protein. As a non-
agonistic antibody, the anti-TIGIT antibody can be used to
block the TIGIT pathway (35). We found that the anti-TIGIT
antibody in this study enhanced IFN-γ secretion by NK cells
and cytotoxicity function but decreased NK cell apoptosis,
which might obstruct liver regeneration (25) and aggravate liver
damage (24). However, our study showed an opposite role for
the TIGIT Fc chimera protein in a manner that its activation
resulted in decreased IFN-γ secretion and cytotoxicity function
but increased apoptosis of NK cells. Our finding was consistent
with the finding of Chen et al. who reported that TIGIT
negatively regulates inflammation by altering a macrophage
phenotype (36).

The poliovirus receptor (PVR), a nectin-like family-member,
is the TIGIT ligand (PVR, CD155). It is expressed in extremely
low amounts in most of adult organs but is expressed in high
amounts in dendritic cells (DCs), regenerating liver tissues,
some tumor cells, and endothelial cells (37). T cell responses
were inversely inhibited by TIGIT by modulation of cytokine
profiles of mature DCs through binding with PVR (38). Then,
using the CD155 Fc chimera protein, we observed that the
production of IFN-γ ability and degranulation role of NK
cells in patients with CHB-IA reduced, while the apoptosis
level of NK cells increased. On the contrary, we removed
monocytes from PBMCs to investigate the influence of PVR,
then we observed that the production of IFN-γ in NK cells
of patients with CHB-IA increased significantly after IL-12
stimulation, even more than blockade by anti-TIGIT antibodies,
which indicates that the inhibition of the TIGIT pathway can
only partly be blocked by anti-TIGIT antibodies, and that
the ligand PVR (CD155) could play a more important role.
TIGTI shares the ligand PVR (CD155) with CD226, which
is a costimulatory molecule, but TIGIT attaches to CD155
with greater affinity than with CD226 (39–41). TIGIT pathway
was only partly activated by CD155-Fc, which led to lower
activation of TIGIT/PVR than by TIGIT Fc chimera protein.
This might explain our finding that the suppression of IFN-γ
production in NK cells by CD155-Fc was not as severe as that
by TIGIT Fc. The TIGIT-PVR interaction creates a bidirectional
signaling pathway, which is indicated in negatively regulated
immune responses.

Some studies have analyzed hepatic NK cells and
demonstrated that higher levels of activation functions and
markers are exhibited by hepatic NK cells than in IA patients’
peripheral NK cells, and a positive correlation of hyperactivity
with liver damage in IA patients (10). In this study, we only

used peripheral NK cells, not hepatic NK cells. If we could
investigate the hepatic NK cells and relevant cells, including
Treg cells, CD4+T cells and CD8+ cells, as well as more
detail crosstalk between NK cells and other hepatocytes, it
would be more persuasive. In addition, the TIGIT Fc chimera
protein plays an activation role in the TIGIT/PVR pathway with
enhanced secretion of IL-10 (36). In addition, IL-10 correlated
with the status of HBeAg, liver disease progression, and virus
replication (42, 43). In patients with positive HBeAg, higher
IL-10 and IL-12 serum levels correlate with spontaneous and
early seroconversion of HBeAg (44), which may be correlated
with TIGIT level. In future study, we can divide patients into
more detailed groups according to HBeAg status and different
TIGTI levels, and observe outcomes, which may provide
a clue to roughly predict the outcome of chronic HBV by
TIGIT level.

CONCLUSION

In conclusion, the findings of our study have revealed new
evidence that TIGIT plays a protective part in chronic
HBV infection. The expression of TIGIT in NK cells of
patients with immune active chronic hepatitis B is lower than
normal, and the level of TIGIT correlated inversely with NK-
cell function in chronic HBV. This mechanism of negative
regulation may represent a potential treatment target in the
damage to liver by inflammatory diseases induced by acute
HBV infection.
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Nanotechnology has been commonly used in a variety of applications in recent

years. Nanomedicine has also gotten a lot of attention in the medical and treatment

fields. Ultrasonic technology is already being used in research as a powerful tool

for manufacturing nonmaterial and in the decoration of catalyst supports for energy

applications and material processing. For the development of nanoparticles and the

decoration of catalytic assisted powders with nanoparticles, low or high-frequency

Ultrasonic are used. The Ultrasonic is frequently used in joint venture with the

nanotechnology from the past few years and bring tremendous success in various

diseases diagnosing and treatment. Numerous kinds of nanoparticles are fabricated

with desired capabilities and targeted toward different targets. This review first highlights

the Ultrasonic Treatment and processing of Nanoparticles for Pharmaceuticals. Next,

we explain various nanoparticles with ultrasonic technology for different diagnosing

and treatment of various diseases. Finally, we explain the challenges face by current

approaches for their translation in clinics.

Keywords: diagnosis, nanoparticles, nanotechnology, treatment, ultrasonic

INTRODUCTION

The production of new compounds and applications has resulted from research into integrated
approaches. During the past few decades, ultrasonic-assisted processes have intrigued the
imagination of multidisciplinary scientists searching for more effective structures. A special
paper on “Ultrasonic Nanotechnology of Ultrasonic Sonochemistry has given an insight into
ultrasounds numerous applications. Ultrasound application has become the most imperative
technologies to produce different natural amalgams because it is environmentally sustainable,
hygienic, prolific, and resourceful. When hydrodynamic bubbles produced by high-octane waves
of ultrasound collapse, micro-reactors with temperature and high pressure are created. Efficiency
and product yield while speeding up chemical reactions in numerous processes. This question
has been extensively discussed to improve the physicochemical properties of nanomaterials when
generated by a sonochemical facilitated process. Siadatnasab at el. Reported that sonochemical
reaction of methanolic Cu (II) diethyldithiocarbamate with phosphomolybdic acid formed
a green precipitate of Cu3 nanohybrid, which was used for sonochemical degradation of
Rhodamine B (RhB) (1). Another research group developed a scalable synthesis of tunable
titanium nanotubes via sonoelectrochemical process (2). They used sonoelectrochemical process
to synthesize TiO2 nanotube arrays on implantable Ti 6–4 structure were generated and tested
using a sonoelectrochemical method as a drug delivery system for antibacterial applications (2).
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A sonochemical-assisted process was utilized for synthesis
and evaluation of nanostructured oil in water emulsions for
targeted delivery of protein drugs (3). Protein extracted from
a medicinal leech tissue was used to formulate nanoemulsion
and sonochemical process was employed to form isotropic and
kinetically stable nanoemulsion with least surfactant and optimal
solubility and stability for drug delivery of protein drugs. (3).
Allami et al. (4) discovered that waves of ultrasound produced
biodiesel with lower viscidness, higher oxygen content, and
thickness that improved fuel combustion. Ultrasound was used
to clean a granulated surface by removing inadequate areas for
dissolved substances (5). They utilized an ultrasound-assisted
method for photocatalytic dye degradation and adsorbent
regeneration to synthesize ZnO nanoparticles. The crystallization
process is assisted by hydrodynamic bubbles using ultrasonic
irradiation during the process. In this regard, Azarhoosh et al. (6)
have used ultrasonic irradiation to complete the representation
stage of a aluminophosphate-34 catalyst and evaluated the results
of the parameters involved during this process for the adaptation
of methanol with light olefins. Synthesis of ZnO nanoparticle
was also performed using a sonochemical process, doped with
numerous lanthanide cations (7). In a sono-photocatalytic
membrane reactor, the produced photocatalysts were able to
effectively oxidize the natural contaminant. Panahi et al. (8)
used ultrasound waves for the manufacture and synthesis of
benzimidazole of a porous zirconium/Aminophylline polymer
co-ordination. Increased catalytic synthesis of benzimidazoles
was achieved through the electron transfer mechanism below
the control of ultrasound waves. Ultrasound waves are one of
the most effective extraction methods currently available with
safe profile to biological tissues. High-intensity sound waves can
cause bioactive compounds to diffuse quickly into the solvent,
resulting in a faster extraction time. Bayrami et al. used this
technology to create biogenic ZnO nanoparticles for biomedical
applications using leaf extracts from medicinally important
plants like Nasturtium officinale L. and Vaccinium arctostaphylos
L. (9, 10). These bio-synthesized photocatalysts have provided a
gateway to several conservational refinement classifications due
to improved photocatalytic properties.

ZnO nanoparticles waste was used as sonocatalysis for
acetaminophen elimination. The UVC structure degraded
acetaminophen to fewer toxic arbitrates (11). The sonocatalytic
behavior of ZnTi nano-layered double hydroxide was greatly
upgraded when a component of Zn2+ was replaced with
Cu2+ (12). A primary reason for this change was the reduced
band difference arising from the transition of charge to
Cu(II) from Ti(IV) when bridged with oxygen atoms. Another
study was carried through a radically mediated process to
use znO-loaded nano-cellulose as a tetracycline sonocatalyst
(13). The ultrasonically triggered nanocomposite contributed
to nearly complete tetracycline dilapidation in combination
with peroxymonosulfate. This review first highlights the
ultrasonic treatment and processing of Nanoparticles for
Pharmaceuticals. Next, we explain various nanoparticles with
ultrasonic technology for different diagnosing and treatment of
various diseases. Finally, we explain the challenges face by current
approaches for their translation in clinics.

ULTRASONIC TREATMENT OF
NANOPARTICLES FOR
PHARMACEUTICALS

Ultrasound is a pioneering technique used for synthesizing
sonochemical, breaking down the agglomeration, blend, and
activate particles. Ultrasound is a crucial technique for nanoscale
materials, particularly in nanotechnology, to be synthesized and
processed. Nano-sized particles are used in a wide variety of
scientific and industrial fields as nanotechnology has gained
such widespread scientific interest. This versatile and variable
material’s high potential has also been discovered by the
pharmaceutical industry. As a result, nanoparticles are used in
several different applications in the pharmaceutical industry.
Drug distribution by nanoparticles is a validated process for
supplying orally or injected active agents (14). When modern
methods open up entirely novel avenues of medical care, nano-
formulated medicines can be dosed and distributed even more
efficiently. This high-potential technology aids in the delivery of
medicines and temperature control to diseased cells. Side effects
of drugs don’t affect healthy cells because of direct drug delivery.
Cancer therapy is one field where nano-formulated drugs have
already shown promising results.

NANOMATERIALS PROCESSING

Nanomaterials have a diameter of under 100 nm and are known
as particles. Their processing needs to be increased. Agglomerates
should be dissolved nanoparticles process, and for bonding
forces to shape. Ultrasonic hydrodynamic is a popular process
for nanomaterial dispersion and decomposition. Nanomaterials
come in a variety of forms and provide opportunities for
medicinal research. The inner size of Carbon Nanotubes (CNTs)
allows more drug molecules to be condensed and functionalized
(14). DNA, active agents, and proteins targeting ligands, and
other molecules may be carried into cells by CNTs. CNTs
have established themselves as the archetypal nanomaterials,
with nanoscience and nanotechnology being one of the most
active fields.

SWCNT has a diameter of 1.0–1.4 nm and is much
smaller. Cells can absorb nanoparticles and nanotubes (15).
Functionalized Carbon Nanotubes (f-CNTs) improved solubility
and allowed tumor targeting (Figure 1). A sonochemical process
can be used to make high-purity single-walled carbon nanotubes
(SWCNTs) (16).

The vaccines may be used for the delivery of functional
Carbon Nanotubes (f-CNTs). The basic theory is to bind the
antigen to the carbon nanotubes while retaining their shape,
leading to a certain antibody reaction. Ceramic nanoparticles
have a porous surface region that is suitable for the transmission
of medicinal items.

Previous studies showed that ULTS of phospholipid-
polyethylene glycol (PL-PEGs) fragments of (SWNTs) with
the capacity to prevent cellular non-specific absorption.
Unfragmented PL-PEG facilitates cellular absorption selective
of targeted SWNTs in two different cell receptor groups. The
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FIGURE 1 | Sonochemical processing of SWCNTs. Shows that silica powder

in a solution of the ferrocene-xylene combination was sonicated for 20min

under atmospheric pressure. Sonication produces highly pure SWCNTs on the

surface of the silica powder.

FIGURE 2 | Ultrasonic dispersion of SWCNTs with PL-PEG.

integrity of PEG is crucial to help ligand-functional nanotubes’
cellular absorption because fragmentation is a potential side
effect of ultrasound for dispersing SWNTs (Figure 2) (17, 18).

CONJUGATES OF DRUG POLYMER

Drug-polymers conjugates are manufactured using diverse
chemicals on the efficient groups of the pharmaceutical and
polymer carrier. The two major types of conjugates are drug
conjugates and protein conjugates with adequate polymers (19).
The most active polymer of the theragnostic drug-polymer
conjugates is N-(2-hydroxypropyl) methacrylamide (HPMA)
(19, 20). Yuan et al. (21) recently created theragnostic copolymers
based upon poly (HPMA) loaded with Cu-64 and RGD as a
target ligand for the target of tumor ontogenesis (Figure 3).
The drug-polymer conjugate of prostate cancer xerographers
was tested by a positron emission tomography (PET) 3 h after
intravenous injecting, the tumor Cu-64 radioactivity in rats. The
pharmacokinetics of Cu-64 in tumor (21) increased by 1 time
with the drug-polymer conjugate.

Polymeric/Magnetic Nanoparticles
To produce polymer nanoparticles, monomer polymerization or
polyp dispersion were used (22–26).Magnetite (27) nanoparticles

of iron oxide are utilized as magnetic nanoparticles. Iron
oxide nanoparticles have been extensively used due to their
superparamagnetic properties and biocompatibility. The most
practical methods for producing iron oxide nanoparticles are
co-precipitation and thermal decomposition (27–31).

Due to their intrinsic theranostic properties, magnetic
nanoparticles play a role as a hyperthermia agent with high
transverse relaxation time (T2) for MRI and immunotherapeutic
platforms for immunological diseases (28, 32–34). Recent
evidence reported that autophagy pathway plays significant roles
in targeting and degrading polymeric nanoparticles via auto-
lysosomes (35). Polymeric nanoparticles are affected by cells via
endocytosis and transferred via lysosomes that are an endosome
pathway for degradation (Figure 3) (35, 36).

In breast cancer cells that overexpress folate receptors and
fibroblast cells with a low number of pteroylmonoglutamic Acid
receptors, the effect of quantum dots loaded nanoparticles on
pteroylmonoglutamic Acid receptor was investigated in this
study (37). Results showed that folate-decorated quantum dots
loaded synthetic amphiphile nanoparticles were better than
fibroblast cells. Synthetic amphiphile copolymers conjugated to
targeting ligands may be a successful theragnostic approach
for targeted diagnosis and treatment. PLA-TPGS nanoparticles
were produced to syndicate their benefits and allow long-term,
controlled imaging with a cancer cell. Biocompatibility and
cellular absorption were improved because of this novel strategy
by lowering their toxicity. The xenograft model was used to
examine the biodistribution of the quantum dots and iron oxides
loaded synthetic amphiphile nanoparticles among the different
structures. Ex vivo fluorescent images showed a 51.5% increase
in the kidney, 67.1% increase in fluorescent intensity in the
liver, and 152.8% increase in the tumor. The blood-brain barrier
surface adsorption of nanoparticles revealed that brain samples
had more fluorescent signals than other organs.

Inadequate biodistribution of the quantum dots and iron
oxides loaded synthetic amphiphile nanoparticles through the
selective semipermeable border of endothelial cells (Figure 4).
The advantages of multimodal imaging system, which results
in a probe that is extremely sensitive and has deep infiltration
for up to 6 h, confirming the diagnosis made by every
individual’s imaging. It was also proposed that using this
multimodal approach to encapsulate therapeutics and conjugate
ligands resulting in the progress of advanced multimodal
theragnostic nanomedicine. Medarova et al. (38) developed the
use of high resolution in vivo optical MRI, NIR and iron
oxides for simultaneous imagery and siRNA distribution in
tumors. N-succinimidyl-3 propionate was utilized to bind siRNA
finished dextran particles to bridge the surface area of iron
oxide nanoparticles and later the NIR dye Cy5.5 was also
coupled to the surface area. The siRNA dissemination and its
silencing capabilities were monitored with MRI and NIR optical
imaging for 48 h using dextran coated iron oxide nanoparticles
(Figure 5) (38).

Solid Lipid Nanoparticles
Nanoparticles of stable lipid are a secure and efficacious
substitute for intravascular supply (39). They have a strong
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FIGURE 3 | The degradation process of PLGA-based nanoparticles is depicted schematically. Reproduced with permission (35).

hydrophobic heart with medicine inside. Nanomedicine made
from biocompatible lipid substances solid at room temperature
is Stable lipid nanoparticles. The warm and cold amalgamations
are two significant approaches of preparation. Strong lipid
nanoparticles enter the blood cell easily because of their compact
size and lipotropic surface. The tightened endothelial cell blood-
brain barrier is crossed by strong lipid nanoparticles with a
range of <100 nm. The high efficiency of medication loads
keeps the medication steady in the strong lipid matrix and
makes the controlled release (40–42). As for the theranostic
platforms for selective co-delivery of diagnostic and therapeutic
agents, solid lipid nanoparticles like other nanomedicines are
utilized (42, 43). Lymphatic delivery of nanoparticles of solid
lipid has been developed as a technique to improve the
transfer of beneficial agents into the lymphatic environment,
which leads to improved oral bioavailability (44). Bae et al.
(45) reported the applications of paclitaxel and siRNA loaded
in solid lipid nanoparticles as theranostic anti-cancer agents
with beneficial outcomes. The solid lipid nanoparticles were
electrically complexed with the exterior surface of solid lipids and
were generated with a stable core nanostructure like quantum
dots and paclitaxel in the lipid shell, resembling low-density
lipoproteins (LDL).

Dendrimers
Dendrimers are a form of synthetic nanomedicine made up of
a spherical polymer with a lot of branches. Nanotheranostic
systems usually use dendrimers that are 10–100 nm in size (46).
Dendrimers can be made in two ways: beginning from the central
core and moving outwards (divergent synthesis) or starting
from the periphery and working inwards (top–down synthesis)
(convergent synthesis). They are made by adding branching units
to an amine center over and over again (ethylenediamine or
ammonia). Dendrimers are repeatedly rounded by a branching
sequence that leads to an early, perfect 3D geometric pattern.
Dendrimers were harmful as cell membranes were damaged
by their positive surface load. Dendrimers encapsulated drugs
are prone to escape fast before hitting the target location in
some cases (47, 48). The polymerization degrees are regulated by
the synthesis of dendrimers of various sizes, molecular weights,
and chemical compositions (49, 50). Theranostic dendrimers
have a circular structure that holds both therapeutic and
diagnostic agents with several cavities and divisions. The 5th
generation of dendrimers with higher hydrophobic value is
typically preferred in dendrimers (47–50). Poly (amidoamine)
dendrimers generation 5 is coated with a replicant adenovirus
serotype 5 carrying the sodium-iodide symporter and tested
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FIGURE 4 | Multi-modal imaging nanoparticles (A) Confocal photographs of PLA-TPGS nanoparticles with quantum dots and iron oxides processed in vitro with

MCF-7. (B) MCF 7-graphed tumor-bearing mouse portions of axial MRI photographs. (C) Pictures under fluorescent light of various organs. The arrow shows the

intensity of the confocol microscopy.

for transudative efficacy in a liver cancer xenograft model
using an I-123 scan. In vitro, adenovirus serotype showed
partial resistance to dendrimer-coating neutralization antibody
and increased transduction efficiency in coxsackie adenovirus
receptor-negative cells.

The main limitations impeding the clinical applications
of adenovirus-mediated gene therapy are excess expression
of coxsackie-adenovirus receptor (CAR), excess presence of
neutralizing antibodies, and adenovirus sequestration by the
liver (51, 52). Recent studies have exhibited the capacities of
dendrimers to overcome these limitations through coating of
the adenovirus to build adenoviral vectors (52–56). Different
studies have reported successful use of this approach in cancer
therapy. They used synthetic dendrimers to coat sodium iodide
symporter (NIS) as a theranostic gene to develop adenoviral
vectors for combination of systemic oncolytic virotherapy and
NIS-mediated radiotherapy (54, 55, 57, 58). Taratula et al.
(59) designed a new dendrimer-based theranostic system for
phthalocyanines (Pc) delivery to tumors for tumor-targeted
delivery of phthalocyanines Adding a hydrophobic linker to

the Pc molecule during the preparation stage makes physical
encapsulation of the hydrophobic compound into a generation 4
polypropylene imine (PPIG4) dendrimer much easier. To boost
biocompatibility and tumor-targeted delivery with up to 24 h of
photodynamic therapy, PEG and LHRH peptides were applied
to the surface of the Pc-PPIG4 complexes. The LHRH-targeted
theranostic dendrimer is capable of successful internalization
into cancer cells as well as tumor aggregation, according to in
vitro and in vivo imaging studies (59–67).

Liposomes
Liposomes are composed of amphiphilic phospholipids and
cholesterol (68). Liposomes are spherical particles with a
diameter ranging from 400 to <400 nanometers (62, 69).
Liposomes are effective vectors for drug/diagnostic delivery
due to their size, hydrophobic and hydrophilic nature,
biodegradability, biocompatibility, and immunogenicity.
Mechanical dispersion, solvent dispersion, and detergent
removal are the three most popular liposome preparation
processes. Liposomes have several drawbacks, including poor
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FIGURE 5 | It reveals that in vivo MRI was conducted before and after 24 h the administration of nanoparticles (9L-GFP) (9L-RFP) on rats with tumors. (A) After the

tumor was injected, T2 relaxation reduced dramatically. It should be noted that the T2 muscle tissue relaxation times have not improved. (B) Ex vivo excised tumor

high-resolution RMIs (78m isotropic). Differentiated signal loss (arrows) indicating the concentration of the probe is quickly recognized in tumors that resulted from

muzzle-injected controls. (C) The optical in vivo NIR imagery of the same rat showed a tumor-based high-intensity NIR signal. This meant that the tissue had been

penetrated by the nanoparticle sample. (D) Ex vivo NIR optic imaging showed a large increase in fluorescence in the polyps substantially more than muscle tissue (P =

0.0058). Reproduced with permission from Medarova et al. (38) and Muthu and Singh (39).

drug loading efficiency, batch-to-batch manufacturing volatility,
and poor stability (70–72). Beneficial agents may be encapsulated
in the middle or integrated into the lipophilic bilayer shell while
nanosized diagnostic agents such as iron oxide nanoparticles,
quantum dots, and gold nanoparticles may be incorporated in
the lipophilic bilayer shell (71, 73–77). Advanced theranostic

liposomes are conjugated with molecular biomarkers for a
targeted outcome. To resolve immune system opsonization
and fast elimination from circulation, stealth liposomes, or
PEG-coated liposomes, were established with stability and a
longer half-life in blood (74, 75, 78). PEGylated liposomes,
standard nude liposomes (without TPGS coating), and TPGS
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coated liposomes were tested in vitro on cell lines to see whether
they could guard against brain tumors and were found to be
more effective than those coated with PEGylated liposomes
(79). Muthu et al. (80) rendered TPGS-coated theranostic
liposomes with and without docetaxel and quantum dots
targeting moieties. Targeted theranostic liposomes exhibited
higher cellular absorption and cytotoxicity than non-targeted
liposomes (Figure 6).

Micelles
Micelles are hydrophobic, hydrophilic structures with a self-
assembling hydrophilic core for parenteral management of
products that are badly water-soluble (81–83). The main
synthesis method for micelles in nanoscale is dispersion of
surfactants in water which then generates a two-component
micelles with a hydrophilic shell and a hydrophobic core (84–86).
Polymeric micelles are self-assembled and aggregated nanoscale
assemblies with diameter of ≤100 nm consisting of amphiphilic
copolymers enclosed with an aqueous phase. The hydrophobic
and neutral parts of copolymers are bound together due to an
attractive force between them, the process which facilitates the
micellization. The micellization process depends on the micelle
concentration in a manner that when the micelle concentration
reaches a threshold level called critical micelle concentration
(CMC), the micellization process starts (87, 88). The stability of
the micelles is determined by the strong cohesive force between
the drug and the center of the polymer and the crosslinking of
the core or shell. The mechanism of direct dissolution and the
organic solvent system is usually used to produce them (89). The
hydrophobic core of micelles, which can be given intravenously
in and the outer hydrophilic layer using a targeting agent can be
filled with diagnostic agents (90–93). Theranostic micelles with
<50 nm of renal escape diameter improve the permeability of the
endothelial cell and theranostic reticulate system provide solid
tumors (94, 95). The paclitaxel-charged micellar formulations of
Genexol-PMTM are approved to be an effective standard for the
provision of cancer drugs (96–99).

Gold Nanoparticles
Gold nanoparticles with gold nuclei are another versatile medium
with desirable values for theranostic systems (100–103). They
are made of 1.5% to 10 nm core sizes, offering a powerful drug
and ligand conjugation with an expanded surface area 114.
Hydrogen tetrachlorocuprate is a common method of preparing
gold nanoparticles in the chemical treatment process. Gold
nanoparticles can be combined as advanced theranostics with
drugs and ligands to precisely identify the target receptor for
successfully targeting (104, 105). Therapeutic loading is carried
by non-covalent interaction or covalent chemical conjugation.
The inherent characteristics of gold nanoparticles are diagnosis
characteristics (104–107). Heo et al. (108) defined surface-
functionalized Gold nanoparticles of PEG as the theranostic
platform associated with beta-cyclodextrin (beta-CD). The
inclusion complex Paclitaxel and beta-CD is bound to gold
nanoparticles. Gold nanoparticles are more related to cancer cells
such as HELA, A549, and MG63 than NIH3T3.

Carbon Nanomaterials
Carbon nanomaterials or nano carbons were analyzed for
theranostic purposes because of their peculiar chemical
and physical qualities (109). Carbon nanomaterials such as
carbon nanotubes (CNT), zero-dimensional (0D), sp2-carbon
nanomaterials (sp2-carbon nanomaterials), 2D graphene, and
carbon point with the size of nano-clusters smaller than 10 nm
(109, 110). Due to its large area, its ability of diagnostic agents,
and its aptitude for surface modifications (111–113), CNTs were
considered suitable for theranostic applications. CNTs have
a cylindrical form due to their various graphene sheet layers.
Two kinds of carbon nanotubes are SWCNTs or MWCNNTs.
CNTs are common methods for ball-milling, laser therapy,
and chemical vapor deposition method (111, 114–118). In
recent years, multifunctional CNT-based systems for theranostic
applications have resulted from many synthetic methods
for CNT functionalization. The theranostic applications for
photoluminescent in vivo tumor imaging in the 1.0–1.4m
injected intravenously injected SWCNTs and NIR absorbers and
heaters at 808 nm for lower doses for photothermal removal were
seen by Robinson et al. (119).

TheranosticMWCNTs were first developed by Das et al. (120),
via mixing acid oxidized MWCNTs with four distinct functional
drive elements according to cellular uptake studies.

ULTRASONIC NANOPARTICLES
TRANSLATION CHALLENGES IN CLINICS

Biological Challenges
Theranostic nanomedicine has plenty of research into disease
diagnosis and treatment to improve human health. Nano
theranostics remains a new paradigm for disease detection
and care in hospitals. One of the toughest things to bring
theranostic nanomedicine to clinics is nano-bio engagement.
In interactions with biological materials, nanomedicine can
cause problems such as inflammation and other diseases
due to its potential toxicity depending on the potential and
solubility of different parameters (121–123). A pseudo-allergy
linked to complementary activation is an immediate adverse
immune response from several nanoplatforms (124, 125). Study
about pathophysiology and disease heterogeneity is imperative
to the physicochemical characteristics of nanomedicines.
Besides, as theranostic nanomedicine is individually distinct,
it would be very difficult to have therapeutic clearance for a
single-size solution (126). Nanoparticles with high therapeutic
properties can not necessarily be good screening instruments,
Consequently, the safety profile of human nano theranostics
remains a major concern, which needs long-term surveillance of
all early and advanced stages of clinical trials (127).

Challenges of Commercialization
The challenge in designing a synthesis technique is also
a key concern with the clinical translation of theranostic
nanomedicines. Poor reproductivity and low efficient large-
scale synthesis, and variable physico-chemical characteristics are
common challenges toward clinical applications of nanoparticles.
Nanoplatforms with complex manufacturing methods are barely
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FIGURE 6 | TPGS liposomes were used to transport theranostic drugs in vitro. (1) (A) A single quantum dots-loaded TPGS coated liposome in a 100 nm scale, and

(B) multiple quantum dots-loaded TPGS coated liposomes after storage in a 500 nm scale. (2) (A,B) Confocal laser scanning microscopy images of MCF-7 cells

treated with non-targeted TPGS-based multi-functional liposomes (left column) and targeted TPGS-based multi-functional liposomes (right column) for 2 h (right

column). Quantum dots showing red fluorescence from cytoplasmic liposomes, (B) channels displaying blue fluorescence from dye-stained nuclei, and (C) quantum

dots displaying blue fluorescence from dye-stained nuclei, and (C) Quantum dots and blue dye merged channels.

incorporated into clinical practice due to disadvantages caused
by drug companies (126, 127). Another big issue that needs to
be addressed is the broad gap between the research community
and regulatory authorities. Many government regulations are
used to restrict the commercialization of nanomedicine based on
regulatory considerations relevant to quality and manufacturing
standards. There is an important effect on a prompt, effective
translation of theranostics into the industry (128, 129). However,
these criteria may not be satisfactory and need to be updated
to validate the performance effectiveness of other human-
using nanotheranostics.

Clinical Considerations and Perspectives
The first nanocarrier for drug delivery, approved by the US
FDAwas Doxil (PEGylated liposomal doxorubicin) and designed
for delivery of chemotherapeutic agent doxorubicin (130).
The nanoparticles facilitated Doxil, exhibit several advantages
over free doxorubicin including selectivity, specificity, and

reduced cardiotoxicity (131). The successful clinical outcomes
of Doxil in cancer therapy has led to the development
of many other nanoscale carriers. Although nanotechnology-
assisted theranostic systems are promising inventions in
medicine, concerns on the safety of these nanosystems due to
unknown characteristics of nanoscale materials have impeded the
clinical applications of these systems. To address the concerns
on the safety and understand the safety profile conducting
animal studies, laboratory experiments and clinical trials is
necessary. Stability of nanosystems is other important aspect
of nanosystems for successful translation into clinical practice.
Exposure to human subjects is inevitable to address these issues.
Experiments in human subjects are complementary to in vitro
and in vivo animal studies (132, 133). Failure in human studies
can be too expensive and sometimes irrecoverable. Therefore, it
is necessary to adopt a novel standardized nano-safety platform
to develop reliable systems and avoid potential candidates with
adverse outcomes (134).

Frontiers in Medicine | www.frontiersin.org 8 February 2022 | Volume 9 | Article 814986126

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Liu and Ge Emerging Role of Ultrasonic Nanotechnology

Considering these risks and the unique characteristics of
nanosystems, FDA necessitates conducting preclinical studies
involving animals, human cells, or tissues prior to any study on
human subjects as clinical trials for any nanoscale medications.
Following the evaluation of FDA on the outcomes of the
preclinical studies, they allow for Phase I clinical trials which
is a dose-response trial with a small group of subjects (sample
size: 25–100) to determine the maximum tolerable dose for the
target product. These studies are followed by Phase II trials with
greater sample size including 100–500 subjects, which evaluate
the safety and efficacy of the developed nanomedicine. FDA
allows conducting Phase III trials (sample size of 500–3,000
subjects) for those drugs that passed the Phase II clinical trials,
and it is determined whether the application will be approved or
not based on the findings of the Phase II (133).

To overcome the biological challenges to nanotheranostics,
a great deal of research needs to be done about how the
interaction between patient biology and nanomedicine is to be
understood. In preclinical trials, animal models can be used
to assess the appropriateness of theranostic nanomedicine in
the treatment and imagery of patient populations of human
beings (135). To evaluate future patient risk, nanotoxicology
profiles need to be adopted and followed during the early stages
of clinical development (124–129, 135–137). Recent advances
in nanotheranostics have utilized improved permeability and
retention as well as other characteristics of nanoparticles
such as surface functionalization, selectivity and sensitivity,
and biodegradability.

This would have enormous potential for theranostic
applications in developing bio-mimetic nanoparticles, which
exploit the normal functioning of the source. The effect of
theranostics can be further improved by the use of smart
stimuli-based nanoparticles to release therapeutic loads on the
site. This method of provision and real-time analysis would help
the clinician to adjust a care plan for heterogeneous and adaptive
diseases. A mindful awareness needs to spread for the technical
problems facing the industry in marketing systems. Good
collaboration is required between laboratory and pharmaceutical
groups. For large-scale theranostic nanoparticles synthesis

and improvements on good manufacturing, practice must be
made. Process optimization applications like Aspen is useful
in an industrial setting to define key parameters to maximize
performance in the early stages of manufacture and cope with
batch-to-batch variations. This could be in a supervised and
efficient way (138).

Production success depends on the readiness of the
employees for product specifications and barriers. Theranostic
nanomedicines can affect human health, but by incorporating the
above lessons in the early stages of manufacturing, manufacturers
can produce efficient products.

CONCLUSION

While ultrasound nanomedicine has dramatically progressed and
is continuing to make substantial progress, the field must evolve
before human medicine can transform. Nanotheranostics are
supplementary to nanomedicine that could be used in medical
centers to monitor disease. Nanotheranostics is promising for
a deeper understanding of the therapeutic and diagnostic
interwoven substances that are necessary to maximize their
clinical application potential. Besides, both commercialization
and regulatory stages need to be followed by the most promising
approaches for bringing ultrasonic nanomedicine from research
laboratory studies into clinics.
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The implication of the Estimation of Stromal and Immune cells in Malignant tumor tissues

using expression data (ESTIMATE) method to determine the tumor microenvironment

(TME) and tumor immune score including tumor purity represents an efficient method

to identify and assess biomarkers for immunotherapy response in precision medicine.

In this study we utilized a machine learning algorithm to analyze the Cancer Genome

Atlas (TCGA) and Gene Expression Omnibus database (GEO) lung adenocarcinoma

(LUAD) transcriptome data to evaluate the association between TME and tumor purity.

Furthermore, we investigated whether fewer TME components or a few dominant genes

can infer tumor purity. The results indicated that the 29 immune infiltrating components

determined by the ssGSEA method could screen the 5 TME components [chemokine

C-C-Motif receptor (CCR), T-helper-cells, Check-point, Treg, and tumor-infiltrating

lymphocytes (TIL)] that significantly contributed the most to tumor purity prediction

through regression tree and random forest regression methods. The findings revealed

that higher activity of these five immune infiltrating components significantly lowered the

tumor purity. Moreover, 5 TME components contributed significantly to the improvement

of Mean Square Error (MES); therefore, we selected these five sets’ genes and analyzed

survival data to establish a prognostic model. We screened out 11 prognostic-related

genes and constructed a risk model comprising 11 genes with good predictive value

for patients’ prognosis. Furthermore, we obtained four genes (GIMAP6, CD80, IL16,

and CCR2) that had predictive advantages for tumor purity using random forest

classification and random forest regression. The comprehensive score of genes for tumor

purity prediction (CSGTPP) was obtained by least absolute shrinkage and selection

operator (LASSO) regression indicated that four genes could be successfully used to

classify high and low CSGTPP samples and that tumor purity was negatively correlated

with CSGTPP. Survival analysis revealed that the higher the CSGTPP, the better the
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prognosis of patients. The association between a cluster of differentiation 274 (CD274)

and CSGTPP revealed a higher expression of CD274 in the high CSGTPP group.

Collectively, we speculated that CSGTPP could serve as a predictor of the response

to immunotherapy and a promising indicator of immunotherapy effect.

Keywords: lung adenocarcinoma, machine learning, tumor immune microenvironment, tumor purity, gene

expression, signature genes

INTRODUCTION

The tumor microenvironment (TME) represents a dynamic
cellular milieu consisting of tumor cells, extracellular matrix
(ECM), the blood and lymphatic vasculature, stroma, fibroblasts,
infiltrating immune cells, and neighboring tumor related non-
tumor cells. The immune system plays a critical role in
immunosurveillance, as the immune cells of the immune system
can recognize and eliminate tumor cells within the TME,
thereby contributing to tumor progression. However, to evade
the immune surveillance, tumor cells adopt multiple strategies to
avoid immune recognition and instigate an immunosuppressive
TME. Accumulating evidence indicates that defects in any
of these mechanisms might contribute to the failure of
the anti-tumor immunity and immune escape (1). Different
tumor types adopt different strategies to escape the immune
surveillance and killing of tumor cells by the immune system,
thereby generating immune tolerance and promoting tumor
occurrence and development (2). Immunotherapy, aiming to
restore and boost the body’s natural defenses to eradicate tumor
cells, has emerged as a breakthrough therapeutic strategy for
cancer. Several classes have emerged within immunotherapeutic
agents, including monoclonal antibody immune checkpoint
inhibitors, therapeutic antibodies, cancer vaccines, cell therapy,
and small molecule inhibitors (3). In particular, the immune
checkpoint inhibitors have shown potent anti-tumor activity
across multiple malignancies such as melanoma, non-small
cell lung cancer, kidney cancer, and prostate cancer. Several
immunotherapy drugs have been approved by the US FDA
(Food and Drug Administration, FDA) for clinical application
(4). Immunotherapy can produce a more significant sustained
response in patients with advanced cancer than conventional
chemotherapy (5). However, this response only occurs in a
small subset of patients. The efficacy of immunotherapy usually
depends on the infiltration of immune cells into the TME.
The immune cells of immune systems infiltrate into the TME
and contribute to the modulation of tumor progression. TME
is highly heterogeneous and consists of tumor cells, stromal
cells, ECM, and immune cells that drive tumor cells fate to
progression and metastasis. The immune system in vitro can
recognize tumor antigens and kill tumor cells. Increasing studies
have highlighted the complex and dynamic interactions between
cells of the immune system and the TME in cancer progression.
Moreover, TME plays an essential role in suppressing or
enhancing the immune response. Understanding the complexity
of interactions between TME and the immune cells will help
select patients for immunotherapy and improve the curative

effect of patients with immunotherapy. Tumor purity represents
the proportion of tumor cells in tumor tissue (6). Studies have
shown that tumor purity is significantly associated with the
clinical characteristics, genome expression, tumor’s biological
characteristics, and prognosis of patients with cancer. It is
noteworthy that ignoring the impact of tumor purity can lead
to systematic bias in tumor genomic analyses, recurrence risk,
and efficacy prediction. An accurate assessment of tumor purity
is helpful to analyze tumor samples objectively. Therefore, the
present study aimed to investigate the relationship between
the immune microenvironment and Lung adenocarcinoma
(LUAD) tumor purity throughmachine learning algorithms. And
explored if tumor purity can be inferred from the genomic
analyses, and investigated the correlation between tumor purity
and immunotherapy.

MATERIALS AND METHODS

Data Source and Pre-processing
The RNA-Seq based transcriptome profiles (FPKM; Fragments
per Kilobase of transcript per Million mapped reads) and
corresponding clinical data of LUAD patients were downloaded
from the TCGA portal, the gdc-client software download
tool. Additionally, the expression profiles of LUAD patients
(GSE68465, sequenced using Affymetrix, HG-U133A plus 2.0
Array, up to November 2020) were also obtained from the
GEO database (http://www.ncbi.nlm.nih.gov/geo/). All analyses
were performed using R software (R Foundation for Statistical
Computing, Vienna, Austria, 3.4.1 Version).

Assessment of the Degree of Tumor
Immune Infiltration
Using the most well-recognized and commonly used immune
cell marker genes (7), we assessed the infiltration of different
types of immune cells by single-sample Gene Set Enrichment
Analysis (ssGSEA) with Gene Set Variation Analysis (GSVA)
package in R package. Subsequently, based on the ssGSEA value,
the samples were divided into high, medium, and low immune
activity clusters.

Calculation of the Immune Score of the
TME
We obtained stromal score, immune score, estimate score, and
tumor purity based on the transformed expression matrix,
and tumor purity was calculated through the “Estimate” R
package (8).
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FIGURE 1 | Heatmap of the correlation between TME sets and immune score in different immunologically active samples.

FIGURE 2 | The relationship between the scale of the regression tree and the

relative error.

Determination of the Primary Immune
Infiltration Gene Sets Using Machine
Learning
Using regression trees and random forest regression, we
established a regression model and assumed that immune

infiltration and immune purity were correlated. Then, based
on the ssGSEA sets, we selected the ssGSEA sets that most
significantly contributed to the improvement in Mean Square
Error (MES) with “partykit” and caret package in R. TCGA data
were randomly divided into training set and validation set with
the ratio of 7:3, GSE68465 data were used as the test set.

Correlation Between Target ssGSEA Sets
and Tumor Purity
The association between the target ssGSEA sets value and tumor
purity in high, medium, and low immunocompetent samples was
determined using the “ggally” package in R.

Survival Analysis of Target ssGSEA Sets
and Tumor Purity
According to the target, ssGSEA sets value and tumor purity;
the samples were divided into high and low groups. We further
investigated the clinical data and survival outcome (excluding
samples with missing clinical data and survival time of fewer
than 30 days) to assess the association between each clinical
characteristic and prognosis with the “survminer” package in
R software.

LASSO Regression Analysis for the
Construction of the Prognostic Gene
Model
Univariate Cox proportional hazards regression analysis was
performed to screen target ssGSEA sets genes significantly
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FIGURE 3 | Pruning tree containing the number of splits, nodes, observation TME sets, and prediction results.

associated with overall survival (OS) in the TCGA LUAD
dataset. Then, using R-glmnet package, we performed LASSO
Cox regression analysis of the identified OS-related genes.
Multivariable Cox proportional hazards regression analysis was
performed to establish the prognosis model of target ssGSEA
sets genes. The LUAD samples were divided into high risk
and low risk by the median risk score; the Kaplan–Meier
curve was constructed, and the log-rank test was conducted to
compare the survival differences between the two groups. The
ROC curve was used to evaluate the accuracy of the model.
GSE68465 data was utilized as the validation set to further
evaluate the model.

The Implication of Target Genes for Tumor
Purity Classification
We established the corresponding relationship between the
sample gene expression matrix and the tumor purity after
screening the target gene using Cox proportional hazards
regression analysis. Using the random forest regression method
R-random Forest package, we constructed the model to evaluate
the linear relationship between the target genes and the tumor
purity and screen the most significantly contributed genes to
the improvement in MES value. Then, we divided the samples
into two groups according to tumor purity. Subsequently, a
relationship with gene expression data was analyzed to evaluate

FIGURE 4 | The relationship between split tree count and error.

the effect of the target genes’ classification on tumor purity
by random forest classification method achieved by R-random
Forest package. At the same time, the average reduction of the

Frontiers in Medicine | www.frontiersin.org 4 February 2022 | Volume 9 | Article 843749135

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Feng et al. Signature Genes and Characterizations of TME

Gini index was used to evaluate the contribution of the genes to
the classification, and significantly associated genes were selected
based on the method of random forest regression. TCGA data
were divided into a training set and validation set at a ratio of 7:3;
GSE68465 data was used as a test set.

The Implication of Target Genes in the
Sample Classification
In order to visualize the effect of the target genes on the
sample classification, we used Principal Component Analysis
(PCA) to classify the samples corresponding to the target gene
by using the R packages “FactoMineR” and “factoextra.” In
this step, we sorted the samples of TCGA and GEO according
to tumor purity. The first 33% of samples presented low
purity samples, and the last 33% of samples represented high
purity samples.

Lasso Regression Analysis of Target Gene
to Predict the Effect of Immunotherapy
We constructed a LASSO regression model from the target
genes screened in TCGA LUAD data and the tumor purity

of the corresponding sample to calculate the comprehensive
score of genes for tumor purity prediction (CSGTPP) =

∑

Xα
∗ coef α, where coef α is coefficient, and Xα is gene relative

expression, the samples were divided into high CSGTPP and
low groups. PCA was applied to analyze the classification
effect of the target genes and the survival prognosis of the
two groups. And then, we analyzed the differences in target
genes and tumor purity between the two groups. Finally,
we further explored immunotherapy’s effect by comparing
the differences in the immune target gene, CD274, in the
two groups.

RESULTS

ssGSEA Sets Value and Tumor Purity
We identified 535 TCGA LUAD gene expression matrices and
443 GEO gene expression matrices and analyzed the results
of 29 immune infiltration sets in LUAD. Simultaneously, we
determined tumor purity scores by the ESTIMATE method.
We excluded samples with incomplete survival data and
survival time <30 days after sorting out the clinical data.
A total of 443 TCGA clinical survival samples and 442

FIGURE 5 | Statistical chart of important TME sets contributed to tumorpurity and MES improvement percentage (IncNodePurity).
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GEO clinical samples were included to construct the LASSO
regression model. However, we eliminated clinical samples
with incomplete TNM data, and finally, 307 TCGA clinical
samples and 339 GEO clinical samples were selected for
subsequent analysis.

Distribution of Immune Infiltrating Gene
Sets and Tumor Purity in Different Immune
Active Samples
Using the 29 immune infiltration sets with the “sparcl” package
in R, we calculated the immune activity of 535 TCGA and 443
GEO LUAD samples and divided them into three groups of
low, medium, and high. Cluster analyses indicated the immune
infiltration and immune scores of the three groups of tumor
samples, and further analysis of the results revealed that with
the increase in immune activity, 29 immune infiltrating gene sets
and estimateScore were positively correlated. In contrast, tumor
purity decreased with the increase in tumor immune activity
(Figure 1).

Predominant Immune Infiltration Gene Sets
We transformed 29 immune infiltration sets and tumor purity
into corresponding matrices, divided TCGA LUAD data into

training set and validation set at a ratio of 7:3, and used regression
tree to build the predictive model, GEO LUAD data was used as
the test set to verify the model. MES is an excellent indicator
of the calibration model. After constructing the model with
the “Rpart” function and using 10-fold cross-validation, it was
found that when the number of splits was 6, there was the
smallest splitting error (xerror = 0.175; Figure 2); therefore, we
chose the tree size to be 7, and used the “partykit” package to
reduce branches, and apparently received 8 prediction results
(Figure 3). Moreover, we used the “predict” function to envisage
the validation set and the calculated MES to be 0.004, indicating
that model was stable. Similarly, we used GEO data for testing,
and the calculated MES value was 0.083. The model exhibited a
good countermeasure effect.

Next, we used the “randomForest” function to perform
regression analysis on the aforementioned data. We estimated
that the number of specific optimal trees was 419, but from the
relationship between the MES and the number of trees in the
model, it could be observed that as the number of trees increases
to about 100 trees, the error improvement was not evident,
therefore, we chose 100 trees as the random forest regression
(Figure 4). The resulting MES obtained was 0.002, and nearly
89.28% of the variance was explained. To end, we analyzed the

FIGURE 6 | Scatter plot of correlation matrix between target TME sets and tumor purity in different immunocompetent samples.
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FIGURE 7 | Kaplan-Meier curve of patients with high and low TME sets and tumor purity group. (A) Kaplan-Meier curve of patients with high and low CCR2 group;

(B) Kaplan-Meier curve of patients with high and low T-helper-cells group; (C) Kaplan-Meier curve of patients with high and low Check-point group; (D) Kaplan-Meier

curve of patients with high and low Treg group; (E) Kaplan-Meier curve of patients with high and low TIL group; (F) Kaplan-Meier curve of patients with high and low

Tumorpurity group.

critical scalar that drives the result. As represented in Figure 5,
CCR, T-helper-cells, Check-point, Treg, and TIL contributed
significantly to the improvement of MES. The model presented
good MES values with the validation and test sets, which were
found to be 0.002 and 0.087, respectively. On comparison of the
two methods of regression tree and random forest regression,
the results indicated that both models had good predictive value.
Therefore, we selected CCR, T-helper-cells, Check-point, Treg,
and TIL immune infiltration sets as our target sets.

Association Between Target ssGSEA Sets
and Tumor Purity
We used the “Ggally” package in R software to estimate the
correlation between target immune infiltration sets and tumor
purity among different immunologically active samples from
TCGA LUAD data. The results revealed that tumor purity and
immune infiltration among different immunologically active
samples were significantly negatively correlated (Figure 6).

Survival Prognosis Analysis of Target
ssGSEA Sets and Tumor Purity
We used 443 TCGA LUAD samples to investigate further
the relationship between target immune infiltration sets and

tumor purity and survival prognosis; the results suggested
that the lower the purity of the tumor, the better the
prognosis. Conversely, it was also evident that the higher
the degree of immune infiltration, the better the patient’s
survival (Figure 7).

Prognostic Model and Genes Associated
With Prognosis
One hundred and three immune infiltrating genes from CCR,
T-helper-cells, Check-point, Treg, and TIL sets of TCGA
LUAD data were analyzed by Univariate Cox regression.
There were 21 genes associated with a prognosis and entered
into the LASSO regression analysis (Figure 8); a total of 11
genes (IL3RA, MAGEH1, CCR2, ACP5, TGFBI, CHRNA6,
KSR1, GIMAP6, CD80, IL16, and CD52) were identified for
building model. The coefficients of each gene were presented in
Table 1.

We assessed the prognostic value of risk scores, which were
estimated with the formula risk score=

∑
Xβ

∗ coef β, where coef
βwas coefficient, and Xβwas gene relative expression. For TCGA
LUAD data, the risk score in both univariate and multivariate
analysis was significantly related to overall survival (OS) (HR
= 3.179, 95% CI = 2.111–4.786, P < 0.001; HR = 2.069, 95%
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FIGURE 8 | Target genes screened by univariate prognostic analysis.

TABLE 1 | The coefficients of genes for building model.

Genes Coefficients

IL3RA −0.0323529240412679

MAGEH1 −0.0313240392509636

CCR2 −0.258547384333454

ACP5 −0.00104506851750573

TGFBI 0.00291649350382021

CHRNA6 −0.473404652074516

KSR1 −0.0660881115987976

GIMAP6 0.020759981275271

CD80 −0.188951143790105

IL16 0.128342508954468

CD52 −0.000223112433304806

CI = 1.363–3.139, P < 0.001, respectively.) (Figures 9A,B). It
was observed that the patients with low-risk scores exhibited
significantly better prognosis than those with a high-risk score
(Figures 10A,B) both in TCGA and GEO LUAD data by the
Kaplan–Meier cumulative curve. The AUC of risk score was 0.68,
which implied that the Cox model could pretty well-predict the
prognosis (Figure 9C).

The Implication of Target Genes for Tumor
Purity Classification
We established the corresponding relationship between the 11
genes expression matrix and the tumor purity and performed
random forest regression to predict the linear relationship
between 11 gene expression and tumor purity. As mentioned
before, 465 TCGA LUAD data were divided into a training set
and validation set at a ratio of 7:3, while 443 GEO LUAD data
was used as the test set to verify the model. We selected 100 trees
for the random forest regression analysis, the resulting MES was
0.003, and almost 85.45% of the variance was explained. Finally,
we obtained four genes (CD80, CCR2, GIMAP6, and IL16) that
significantly improved MES. The model exhibited good MES
values on the validation and test sets, which were 0.003 and 0.094,
respectively (Figures 11, 12).

Next, the above data were classified by random forest, and
the classification tree was selected as 47 trees for the model
construction; therefore, the error rate obtained was 11.41%
with an accuracy rate of 88.59% (accuracy = (146+149)/333).
The accuracy of the prediction results on the validation set
and test set was 90.91% (accuracy = (61+59)/132) and 97.41%
(accuracy = (224+229)/465), respectively. Using the correlation
between genes and Gini index, we obtained 4 most contributing
genes (GIMAP6, CD80, IL16, and CCR2), which were consistent
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FIGURE 9 | Construction of TME-related genes model for patients with LUAD. (A) Prognostic values of TME-related genes by univariate Cox regression analysis. (B)

Prognostic values of TME-related genes by multivariate Cox regression analysis. (C) ROC curve of TME-related genes.

FIGURE 10 | Kaplan-Meier analysis of OS for LUAD patients using TCGA and GEO database. (A) Kaplan-Meier survival curves of the relative OS of high- and low-risk

groups in TCGA database. (B) Kaplan-Meier survival curves of the relative OS of high- and low-risk groups in GEO database.

with the random forest regression for the target genes
(Figures 13, 14).

The Implication of Target Genes in the
Sample Classification
Four genes labeled tumor samples, and PCA analysis revealed
that four genes could be better divided into high and low
purity groups. The proportions of the first and second principal
components of TCGA data and GEO data were 90.5 and 82.4%,
respectively. The results indicated that the sample’s tumor purity
could be inferred through the expression of the four genes,
and the gene expression and tumor purity were associated
(Figure 15).

LASSO Regression Analysis of Target Gene
and Tumor Purity
We divided the 443 TCGA LUAD samples with complete clinical
data into high and low groups according to tumor purity, and
obtained CSGTPP (0.21∗CCR2+ 0.06∗GIMAP6+0.64∗CD80+
0.21∗IL16) with LASSO regression analysis, and then
divided the samples into high and low two groups. The
simultaneous analysis revealed that the four genes were
highly expressed in the high CSGTPP group (p < 0.0001)
(Supplementary Figures 1A–D), and tumor purity was
negatively correlated with CSGTPP (Supplementary Figure 2A).
Using PCA, we determined the expression of four genes
can be used to classify the two groups well with the first
principal component and the second principal component
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FIGURE 11 | Pruning tree containing the number of splits, nodes, observation genes, and prediction results.

value of 89.1% (Supplementary Figure 2B). Survival analysis
revealed that patients in the high CSGTPP group exhibited
a prognostic benefit (P < 0.0001), which echoed the
poor prognosis of patients with higher tumor purity, as
mentioned above (Supplementary Figure 2C). Finally, we
explored the difference of CD274 gene expression in the
CSGTPP two groups, and the results showed that the higher
expression of CD274 in the high CSGTPP group (p < 0.0001)
(Supplementary Figure 2D).

DISCUSSION

Recent advancement of omics technologies has significantly
improved our understanding of the complexity and diversity of
the immune components of the TME and its important impact
on response to immunotherapy (9, 10). Further understanding
of the tumor immune microenvironment will help improve the
efficacy and response rates to immunotherapy. Therefore, an
increasing number of studies have been conducted to study the
TME and analyze immune cells’ composition in tumor tissues.
A large number of immune cells often gathered in and around
tumors. There exist an inextricably link between these immune

cells and tumor cells. Therefore, analyzing the composition
and proportion of immune cells constitutes an integral part of
studying the TME (11). Presently, there are twomainmethods for
exploring the immune components of tumors. The first method
includes high-precision single-cell-sequencing and single-cell-
RNA-sequencing (scRNA-seq); the other method includes the
speculationmethod that enables prediction based on the program
using bulk RNA-seq data. However, estimation of tumor purity is
considered crucial and warrants further investigation (12–14).

Recently, immunotherapy has emerged as a novel alternative
therapeutic strategy for patients without driver genes mutation
and has changed the treatment landscape of non-small cell
lung cancer (NSCLC) (15, 16). Immunotherapy is an expensive
therapy with significant clinical side effects; therefore, it
remains critical to identify patients who will benefit from
treatment with cancer immunotherapy. Therefore, it becomes
increasingly essential to identify immune cells that exist in
tumors; besides, deciphering immune cells present within the
TME represents a significant area of implication in basic and
clinical research.

Machine learning, an artificial intelligence method, utilizes
complex algorithms in analyzing large-scale and heterogeneous
data sets to extract useful patterns (17, 18). Machine learning
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FIGURE 12 | Statistical chart of important TME-related genes contributed to the model and MES improvement percentage (IncNodePurity).

has shown great potential with promising results in biomedicine,
human genome project, cancer whole-genome project,
international machine learning competition project, and
other projects (19). Collection and analyses of large data sets
related to medical treatment and patient prognosis can transform
medicine into a data-driven and result-oriented discipline, which
profoundly impacts disease detection diagnosis, prognosis,
and response to therapy (20). We focused on the TCGA
and GEO data of lung adenocarcinoma patients with high
morbidity and high mortality rates globally to explore and
mine the immune microenvironment and tumor purity in
lung adenocarcinoma and identified some potential data-level
relationships using existing research findings, based on the
algorithms of regression trees, random forest regression, and
random forest classification.

We used regression trees and random forest regression
methods to analyze the predictive value of LUAD immune
microenvironment for tumor purity and selected five immune
microenvironment components that contributed the most to
predicting tumor purity (CCR, T-helper-cells, Check-point,
Treg, and TIL), which were negatively associated with tumor

purity and tumor T, M and stage but not with N stage. A
prognostic model was constructed based on 5 TIM genes, and
11 TIM-related genes were screened, which confirmed that
immune risk characteristics were significantly related to the
OS of LUAD patients. This relationship was still valid after
controlling for clinicopathological characteristics. The risk score
constructed based on 11 genes can be used as an independent
prognostic factor for LUAD patients. We hypothesized whether
tumor purity can be predicted at the gene expression level.
Therefore, we investigated the predictive ability of 11 genes
for tumor purity using random forest regression and random
forest classification. Both TCGA and GEO data showed a
good predictive value, and four genes (GIMAP6, CD80, IL16,
CCR2) contributed the most to predicting tumor purity.
GIMAP6, CD80, IL16, and CCR2 in LUAD were reported to
be related to immune tolerance in NSCLC (21–24). CSGTTP
was further estimated by LASSO regression and was found
to be significantly associated with the patient’s prognosis. The
four genes’ mRNA levels can clearly stratify high and low
tumor purity and CSGTTP, confirming our hypothesis that
these four genes could predict the tumor purity at the gene
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FIGURE 13 | Statistical graph of the relationship between the prediction error

and the number of split trees.

level. These four genes were derived from CCR, TIL, and
checkpoint immune infiltration components; thereby, we further
analyzed the association between TIM, gene, and tumor purity.
In order to further explore whether tumor purity could be
used as a predictive indicator of immunotherapy, we excavated
that PD-L1 expression was positively correlated with CSGTTP,
while tumor purity was negatively correlated with CSGTTP.
PD-L1, as an effective indicator of immunotherapy, has been
studied extensively. Although there are difficulties in estimating
tumor purity, we can convert the estimation of tumor purity
to the estimation of CSGTTP, thereby indirectly establishing
the relationship between tumor purity and PD-L1. The higher
CSGTTP indicates lower tumor purity, implying that patients
may benefit from immunotherapy.

Currently, detection of PD-L1 expression remains the marker
for identifying NSCLC patients that are more possibly respond
to immunotherapy. Many chemoimmunotherapy trials have
demonstrated the benefits of checkpoint inhibitors combined
chemotherapy for LUAD (25) for all PD-L1 levels. Notably,
patients with low PD-L1 expression exhibit poorer clinical
outcomes, emphasizing PD-L1 as a biomarker even with
chemotherapy as the first-line treatment. Although PD-L1
expression is important for predicting response, many trials
highlighted that checkpoint inhibitor still cannot benefit from
these drugs in sub-sets of patients with high PD-L1 expression.
Tumormutational burden (TMB)may be a potentially important
biomarker for immunotherapy response, and the correlation
between TMB and the response of immunotherapy has been
demonstrated in a variety of tumor types (26). While limited
by lack of testing platforms standardization and “high” TMB
threshold, this indicator can only be applied to subsets of
patients. The degree of lymphocyte infiltration observed in

FIGURE 14 | Statistical chart of important TME-related genes contributed to

the model and Gini Index.

tumor tissue may have prognostic value. Previous studies have
demonstrated high levels of tumor-infiltrating lymphocytes
(TIL) with promising prognosis in NSCLC, which infiltrated
more CD8 positive, CD3 positive, and CD4 positive TIL (27).
High TIL density is believed to reflect the patient’s tumor
microenvironment, where T cells are inflamed. Therefore,
the predictive value of TIL density as a biomarker of
immunotherapy has also been studied. The five immune
infiltration components we selected also included TIL. Immune
gene expression characteristics represent a novel area of
research on predictive indicators of immunotherapy. Studies
have shown that it has potential use as a biomarker for anti-
PD-1 and PD-L1 therapy, and may have predictive value, and
is compatible with several cancer types and related to treatment
response (28, 29).

The tumor immune score and matrix score can be obtained
based on many algorithms to estimate tumor purity and
the relationship between immune microenvironment and
immunotherapy. Thus, the investigation of each component as
the effect of immunotherapy remains an active area of research.
However, thus far, tumor purity has not been thoroughly accessed
as immunotherapy-associated markers. Tumor heterogeneity
affects tumor immunotherapy, and tumor purity represents
the homogeneity of tumors from a particular perspective,
and it is easier to establish a relationship with the immune
microenvironment, thereby guiding immunotherapeutic
decisions. Although it remains challenging to estimate tumor
purity accurately, the relationship between immune genes
and tumor purity using the value of dominant genes on
tumor purity is expected to infer tumor purity at the level of
dominant genes and the correlation between tumor purity
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FIGURE 15 | PCA chart of the classification effect of four genes on tumor purity. (A) PCA chart of the classification effect of four genes on tumor purity in TCGA

database. (B) PCA chart of the classification effect of four genes on tumor purity in GEO database.

and immunotherapy. We believe that this study highlights
the significance of tumor purity as an immunotherapy-related
biomarker; however, further studies are warranted to validate
these findings.

CONCLUSION

In conclusion, CCR, T-helper-cells, Checkpoint, Treg, and TIL
as the main immune infiltration components could better
reflect tumor purity. We speculated that CSGTPP, derived
from immune-related genes, could serve as a predictor of
the response to immunotherapy and could stratify candidate
for immunotherapy.
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Predictive features of central
lymph node metastasis in
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microcarcinoma: Roles of active
surveillance in over-treatment
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Zhengxue Han4

1Department of General Surgery, Beijing Tongren Hospital, Capital Medical University, Beijing, China,
2Department of Otolaryngology Head and Neck Surgery, Beijing Tongren Hospital, Capital Medical

University, Beijing, China, 3Department of Head and Neck Surgery, Baotou Cancer Hospital, Baotou,

China, 4Department of Oral and Maxillofacial-Head and Neck Oncology, Beijing Stomatological

Hospital, Capital Medical University, Beijing, China

Background: Low-risk papillary thyroid microcarcinoma (PTMC) without

clinically evident lymph nodes, extrathyroidal expansions, and distant

metastases may be candidates for active monitoring.

Objective: The purpose of this research is to identify risk factors for papillary

thyroid microcarcinoma (PTMC) metastasis to central cervical lymph nodes

(CLNM) and to discuss the viability of an active surveillance strategy tominimize

unnecessary therapy for patients.

Methods: This single-center retrospective study was conducted on the data

and medical records of the patients who were diagnosed with PTMC and

underwent surgery at the Baotou Cancer Hospital, China, between January

1, 2018, and December 31, 2019. Both lobectomy and complete thyroid

resections were performed, and central lymph node dissections (CLND) were

used in all patients. Comparisons and analyses were conducted on the

preoperative ultrasound (US) characteristics, the post-operation pathological

results, and lymph node metastasis.

Results: We analyzed 172 patients with PTMC with average age 48.32 ±

10.59 years old, with 31 males and 142 females. US testing showed 74

(43.0%) patients had suspicious lymph nodes; 31 (41.9%) had capsular invasion

and 52 (30.2%) patients were confirmed to have CLNM. Based on logistic

regression analysis, central lymph node metastasis was shown to be more

common in individuals with PTMC who were older than 45 years old, male,

and had tumors that lacked micro-calcification on US imaging. Postoperative

pathology assessments suggested that 58 cases (33.7%) were more suitable

candidates for active surveillance cohorts.

Conclusions: While active surveillance might benefit many PTMC patients,

treatments for the patients should also encompass occult lymph node

metastasis, especially in patients with over 45 years old, male, tumor without

micro-calcification in the US imaging. Furthermore, the prediction of lymph

nodes in the central cervical via the preoperative US and the PTMC risk
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stratification accuracy need to be improved. Our findings showed about 30% of

the patientswith PTMChad no active surveillance high-risk factors but required

surgical treatment. Fear of cancer in the PTMC patients, although informed

of the details, is still the main reason for choosing surgical treatment over

active surveillance.

KEYWORDS

active surveillance, cervical lymph node metastasis, central lymph node dissections,

occult lymph node metastasis, papillary thyroid microcarcinoma

Introduction

Thyroid cancer prevalence has increased substantially over

the last several decades, but mortality from the disease have

stayed essentially stable (1, 2). About half of this increase may be

attributable to better detection and diagnosis of slow-growing,

non-cancerous tumors called intrathyroidal papillary thyroid

microcarcinoma (PTMC) (3). The current definition of PTMC is

papillary thyroid cancer (PTC) with an MTD ≤ 10mm. Recent

studies have shown that if left untreated, the vast majority of

malignant cancers would not be fatal (4, 5). Thus, there is a risk

of overdiagnosis if thyroid cancer is diagnosed only on the basis

of the presence of these tiny tumors (6, 7). Accurate diagnostics

made with modern ultrasound (US) and fine needle aspirate

biopsy (FNAB) equipment may be the major explanation for

the rise in PTMC detection (8). Traditional therapy for PTMCs

has been surgical resection or thyroidectomy; however, active

surveillance (AS) has emerged as an alternative strategy in

the past three decades, with the goal of identifying the subset

of individuals who would develop clinically and hence need

rescue operations.

Active surveillance has been found to be a viable first-line

therapy strategy for low-risk PTMC in recent trials (4, 5, 9, 10).

For low-risk PTMC, active monitoring was originally

evaluated as a therapy option in Japan. Japan introduced active

monitoring into standards in 2010, and the United States

followed suit 5 years later in 2015. The Japan Association of

Endocrine Surgeons (JAES) and the Japanese Society of Thyroid

Surgeons (JSTS) issued the first guidelines for differentiated

thyroid carcinomas, which included active monitoring as a

therapy option for low-risk PTMC (11). Active monitoring as

a therapeutic option for low risk PTMC was also included in

the recommendations of the American Thyroid Association

(ATA) in 2015. However, several clinical and technological

aspects determine whether or not activemonitoring is useful and

feasible for low risk PTMC patients. For individuals with PTMC

considered to be at “extremely low risk,” active monitoring is

suggested as a treatment option according to the ATA’s 2015

recommendations (12). Active surveillance can partially reduce

unnecessary surgeries for patients diagnosed with PTCM, which

is usually indolent and has a good prognosis, so that the

possibility of over-treatment could be reduced in some patients.

However, occult lymph node metastasis (LNM) is still a

possibility for clinical node-negative (CN0) PTMC. Therefore,

the necessity and extent of surgical treatment option for

low PTMC patients remain a controversial subject (6). The

purpose of this retrospective study is to better understand the

benefits and drawbacks of using preoperative ultrasound for

the prediction of central lymph node metastasis (CLNM) in

the cervical region, as well as to analyze data on occult central

lymph node metastasis to determine the optimal mix of surgery,

active surveillance, and avoidance of treatment in patients with

PTMC. Examining the potential of an active monitoring method

to prevent over-treatment in patients is central to the goals of

this research, which aims to investigate the predictive aspects of

CLNM of PTMC.

Methods

This was a single-center retrospective study conducted on

the data and medical records of the patients who were diagnosed

with PTMC and underwent surgery at the Baotou Cancer

Hospital, China, between January 1, 2018, and December 31,

2019. Data and medical records of the patients with PTMC

who underwent monitoring and therapeutic procedures at

the otolaryngology (ear, nose, and throat) division of Baotou

Cancer Hospital, China between January 1, 2018, and December

31, 2019, were analyzed retrospectively for this research. The

patients were all candidates for thyroid surgery, either lobectomy

or complete thyroid removal. Prophylactic central lymph node

dissection (CLND) was also done on the same side as the

lesion, as recommended by the Chinese guidelines for the

diagnosis and treatment of thyroid nodule and differentiated

thyroid carcinoma. Comparisons and analyses were conducted

on the preoperative ultrasound characteristics of PTMC, the

pathological results post-operation, and lymph node metastasis.

SPSS (IBM SPSS Inc., Chicago, IL, Windows version 22.0.0)

was used to conduct statistical analyses on the study’s data,

including the t-test, Pearson’s Chi-square test or Fisher’s exact

test, and ROC curve and logistic regression. The normality of
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TABLE 1 Clinical characteristics and results of US imaging and

pathologic assessments of the patients.

Category N (%) US suspicious CLN

All 172 74 (43.0%)

Sex

Female 142 (82.0%) 56 (75.7)

Male 31 (18.0%) 18 (24.3)

Age (mean± SD) (year) 48.32± 10.59 47.62± 12.06

Age group

Group 1 age < 45 57 (33.1) 26 (35.1)

Group 2 45 ≥ age > 55 63 (36.6) 28 (37.8)

Group 3 age ≥ 55 52 (30.2) 20 (27.0)

Preoperative US TI-RADS grade

3 10 (5.8%) 3 (4.1)

4a 42 (24.4%) 18 (24.3)

4b 77 (44.8%) 33 (44.6)

4c 1 (0.6%) 0

5 41 (23.8%) 19 (25.7)

6 1 (0.6%) 1 (1.4)

Tumor site

Unifocal 121 (70.3%) 49 (66.2)

Double or multifocal 51 (29.7%) 25 (33.8)

The max diameter (mean± SD) 5.68± 2.48mm 5.95± 2.32 mm

US capsular invasion 50 (29.1%) 31 (41.9)

US microcalcification 101 (58.7%) 48 (64.9)

Postoperative pathologic results

Unifocal 121 (70.3) 49 (66.2)

Double or multifocal 51 (29.7) 25 (33.8)

Capsule invasion 74 (43.0) 31 (41.9)

Nerve invasion 5 (2.9) 4 (5.4)

Fewer than 5 CLNM 164 (95.3) –

Co-exist thyroid goiter 73 (42.4) 23 (31.1)

Co-exist Hashimoto thyroiditis 55 (32.0) 28 (37.8)

Complications

Recurrent nerve palsy 0

Temporary hypoparathyroidism 9 (5.2)

Permanent hypoparathyroidism 2 (1.2)

the data that was continuously collected was tested. Normally

distributed research data were reported as means standard

deviations (SD), whereas skewed variables were shown as

medians (Inter Quartile Range). In order to compare and

contrast the various groups, we utilized the t-test for normally

distributed data, the non-parametric test (Mann-Whitney U) for

data with a skewed distribution, and the Pearson Chi-square test

for data based on counts. In the case of normally distributed

data, Pearson’s correlation coefficient was used to examine the

intercorrelations between the variables, whereas in the case of

skewed data, Spearman’s correlation coefficient was used.

TABLE 2 Statistical data of the patients with central cervical lymph

nodes metastasis (CLNM).

Group 1

Age < 45

Group 2

45 ≤ age < 55

Group 3

Age ≥ 55

Total

n (%) 57 (33.1) 63 (36.6) 52 (30.2) 172

CLNM patients

(%)

24 (42.1) 14 (26.9) 14 (26.9) 52

CLNM lymph

nodes (%)

85 (64.4) 24 (18.2) 23 (17.4) 132

CLN dissected

(%)

322 (35.2) 343 (37.4) 251 (27.4) 916

Results

After applying inclusion and exclusion criteria, of 1,586

patients hospitalized for thyroid disease, 172 PTMC patients

were included in this study [age: 48.32 ± 10.59 (SD) years old,

and male/female ratio 31/142]. Ninety-eight cases of suspected

lymph nodes were not detected via preoperative US, 20 cases

(20.4%) of CLNM were confirmed via pathology, and 74 cases

(43.2%) were found to have suspicious LN via preoperative US

(Table 1).

Patients with lymph node metastases were found to be less

common in the Group 2 (45 ≤ age < 55 years old), compared

to the Group 1 (<45 years old) and the Group 3 (≥55 years

old) (P = 0.018). No statistically significant differences were

found between any of the groups (Table 3). Table 2 displays

postoperative pathology results.

Using US imaging to identify CLNM has a sensitivity of

0.62, specificity of 0.35, and an area under the curve (AUC)

of 0.63. For PTMC patients, the probability of central lymph

node metastasis was highest among those who were male, over

the age of 45, and whose tumors lacked micro-calcification

on US imaging. The remaining parameters did not show any

statistically significant link (Table 3).

According to active surveillance exclusion criteria as per

reported by Ito et al. (5) postoperative pathology confirmed

58 cases (33.7%) that showed the following characteristics:

no metastasis near the trachea, located at the dorsal side of

thyroid gland, no lymph node metastasis in six areas, no capsule

invasion, and no high-grade malignancy.

Discussion

The over-treatment of indolent lesions with mostly low

malignant potential is not uncommon, but it may be caused

by the lack of evidence and comprehensive understanding

regarding the disease at that time. The progression of diagnosis

technology has caused a rapid increase in PTMC cases. However,
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TABLE 3 Statistical data of the logistics regression analysis.

Category OR (95% CI) P-value

Gender

Male 1.00

Female 2.09 (0.18–0.96) P = 0.040

Age (year)

Age < 45 1.00

Age ≥ 45 2.09 (1.01–4.30) P = 0.046

USmicrocalcification

None 1.00

Sandy 0.48 (0.23–0.99) P = 0.046

lack of accurate and precise classification and prediction still

exists for the disease, which may increase the amount of

unnecessary invasive treatments.

AS partially slowed down the PTMC over-treatment

trend safely and prudently. Emerging evidences from active

surveillance studies have demonstrated that many low-risk

PTMC patients can benefit from active surveillance and

their morbidity probability is reduced. This is caused by

operations and follow-up radioiodine therapies with increased

risk stratification via confirmed lymph node metastasis,

including hypothyroidism, hypocalcemia, recurrent laryngeal

nerve palsy, inconvenience and side effects of postoperative

TSH treatment, salivary gland reaction, secondary leukemia,

and other damage possibilities. High-risk patients were not

considered for active surveillance by Ito et al. because of

unfavorable lesion characteristics such as proximity to the

trachea or dorsal thyroid surface, potential invasion of the

recurrent laryngeal nerve, clinically apparent nodal metastasis,

or high-grade malignancy on FNAB findings (5). In addition,

the American Thyroid Association Guidelines outline a plethora

of variables that classify individuals into high- or low-risk

profiles, although these are generally pathologic abnormalities

discovered only after surgical resection (13). Therefore, applying

risk stratification pre-operation in clinical practice is difficult.

It remains unknown whether or not PTMC is associated

with occult central lymph node metastasis, or whether or

not risk stratification is upgraded. Moreover, It remains

uncertain whether or not it is safe and controllable to wait

until these hidden lymph nodes can be detected clinically.

Likewise, it is unknown whether or not this will increase

the local recurrence rate or the probability of secondary

operations and side injuries. Lastly, how to accurately select

these patients and conduct more detailed risk stratifications

remains unknown.

PTC has a relatively high rate of lymph node metastasis

so that lymph node metastasis derived from PTC first involves

the central compartment (14). A meta-analysis (19 studies

comprising 4,014 patients) found that the rate of central

cervical lymph node metastases (CLNM) of PTC was 48.0%

and the rate of lateral CLNM of PTC was 59.2% (15).

Another meta-analysis found that, even without clinically

cervical lymph node metastasis (cN0) PTMC, there was still

about 33% (95% CI 29–37) of CLNM (16). Our finding was

consistent with this study where we found that the CLNM

rate of PTMC was 30.2%. A meta-analysis study reported

that in PTC patients lymph nodes were involved in 80% of

recurrences (17).

However, there is a lack of simple and reliable methods for

conducting accurate preoperative judgments of occult lymph

node metastasis and the biological characteristics of PTMC.

Ultrasound accuracy when diagnosing central lymph nodes

remains low. A meta-analysis concluded that for detecting

central CLNM with ultrasound the pooled sensitivity was 0.33

[95% confidence interval (95% CI): 0.31–0.35], the specificity

was 0.93 (95% CI: 0.92–0.94), the DOR was 5.63 (95% CI:

3.50–9.04), and the area under curve (AUC) was 0.69. In

this study, we used pre-operative US imaging for detection

of CLNM and the sensitivity was 0.62, the specificity was

0.35, and the area under curve (AUC) was 0.63. If the US

imaging does not find a suspicious lymph node, then the

lymph node FNAB target cannot be determined. There is not

enough evidence to show that such PTMCs with CLNM are

indolent and could be safely monitored. Moreover, this must

be conducted preoperatively or at the latest intraoperatively to

evaluate the central compartment LN status precisely. However,

this study found that even if suspected lymph nodes were noted,

it is hard identifying the suspicious LN found preoperatively

via US was precisely consistent with the metastasis LN

confirmed by the pathology postoperatively. Patients in this

region have a lot of difficulties receiving preoperative molecular

or gene detection or PET/CT due to economic limitations

and medical insurance clauses. In turn, providing accurate

information regarding central lymph nodes pre-operation is

very difficult.

Not all patients are comfortable with observational

treatment when presented with a cancer diagnosis, and

many refuse active surveillance as a treatment option (4).

Additionally, follow-up examinations are costly, time-

consuming, and inconvenient for both patients and clinicians,

which prevents utilizing them widely for detecting LN

metastasis (18). In the outpatient department used by the

authors, around less than 1/4 of PTMC patients who meet

the standard willingly choose AS. However, most of the other

patients, although they have been informed of the relevant

details, choose surgical treatment for fear of cancer, and they

have a strong desire for a radical cure rather than any kind

of secondary surgery for recurrence. Therefore, it remains

uncertain whether or not active surveillance risk stratification

should supply psychological evaluation considerations. In

this study, 33.7% of patients may be more suitable to join

the active surveillance cohort. This is the first research to
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our knowledge to examine PTMC and overtreatment at

a single location using preoperative ultrasonography and

postoperative histology.

Lymph node metastasis (LNM) is a major recurrence

predictor and affects PTMC patients’ survival rate, although

it does not seem to alter PTMC patients’ 10-year disease-

free survival rate (7). Updated technology in the future

might be relied on to provide more objective and accurate

primary lesions and lymph nodes. It can be predicted that

technological progress will allow for more and more suspected

metastatic lymph nodes to be found pre-operation. Therefore,

it remains uncertain as to whether or not active surveillance

can still be used for low-risk PTMC patients even if they

have lymph node metastasis. Likewise, methods for stratifying

the risk of lymph nodes remain unknown. More evidence

may be provided by a large amount of data and long-term

prognosis observations.

This study had some limitations that should be considered

in generalizing the findings into the general population.

The study’s single-center retrospective design was a

weakness, and even after removing potentially relevant

data, it remained gaps that may introduce bias. There is

not a single accepted method for quantitatively assessing

mental health. Long-term surveillance and follow-up of

patients in this research is still necessary to determine

their prognosis.

Conclusions

Despite a meteoric rise in the number of cases identified,

mortality from intrathyroidal papillary microcarcinomas has

been about the same. Active monitoring has arisen as an

alternative to surgical resection with the purpose of identifying

the subset of individuals who will develop clinically and would

benefit from rescue operations. These tumors (particularly

those between 1 and 2 cm) show no development during

follow-up, grow at very slow rates, and can even shrink in

size. Since papillary microcarcinomas are so common and

observational results are so good, active monitoring may

be a viable option for carefully chosen individuals. Active

surveillance might benefit many PTMC patients and reduce

damages caused by surgical therapies and related treatments,

but PTMC treatments should also focus on the existence

of occult lymph node metastasis, especially in patients with

over 45 years old, male, tumor without micro-calcification

in US. While accuracy of preoperative US imaging in the

prediction of lymph nodes in the central cervical regions

needs improvement, CLNM potential should be kept track

of vigilantly in PTMC patients with microcalcification or

suspected lymph nodes. Further studies should be conducted

to improve the PTMC risk stratification accuracy. In this

study, about 30% of the patients with PTMC had no active

surveillance high-risk factors but required surgical treatment.

Although informed of the details, PTMC patients’ fear of cancer

is still the main reason for choosing surgical treatment for

active surveillance.
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Objective: To quantitatively evaluate the bilateral diaphragmatic motion

difference during forced breathing between chronic obstructive pulmonary

disease (COPD) patients and healthy individuals using dynamic chest

radiography technique.

Methods: This prospective study included the COPD patients (n: 96, f/m:

17/79, age: 66 ± 8 years old) and healthy individuals (n: 50, f/m: 42/8, age:

53 ± 5 years old) that underwent dynamic chest radiography with a flat

panel X-ray detector system during forced breathing in a standing position.

After analyzing the excursions, duration and velocity of diaphragmatic

motion were automatically calculated using the postprocessing software. The

parameters of diaphragmatic motion including excursion, duration, velocity,

inhalation/exhalation times were assessed in all subjects for both diaphragms.

The correlation between lung function parameters and diaphragmatic motion

excursions were further evaluated.

Results: The excursions of diaphragmatic motion in COPD patients were

significantly decreased in COPD patients compared with healthy individuals

during forced breathing (P < 0.05). The excursion in COPD patients was

35.93 ± 13.07 mm vs. 41.49 ± 12.07 mm in healthy individuals in the left

diaphragm, and 32.05 ± 12.29 mm in COPD patients vs. 36.88 ± 10.96 mm

in healthy individuals in the right diaphragm. The duration of diaphragmatic

motion significantly decreased in COPD patients, compared with the healthy

individuals (P < 0.05). The inhalation time in COPD patients was 2.03 ± 1.19 s

vs. 2.53 ± 0.83 s in healthy individuals in the left diaphragm and 1.94 ± 1.32 s

in COPD patients vs. 2.23 ± 1.21 s in healthy individuals in the right diaphragm.

The exhalation time was 4.77 ± 1.32 s in COPD patients vs. 6.40 ± 2.73 s in

healthy individuals in the left diaphragm and 4.94 ± 3.30 s in COPD patients

vs. 6.72 ± 2.58 s in healthy individuals in the right diaphragm. The peak
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velocity of diaphragmatic motion showed no significant difference between

COPD and healthy groups. The excursions of bilateral diaphragmatic motion

showed moderate correlation with FEV1/FVC (r = 0.44, P < 0.001). Multi-

linear regression analysis showed that the excursions of bilateral diaphragm

are significantly associated with COPD occurrence (P < 0.05).

Conclusion: The excursions and duration of diaphragmatic motion during

forced breathing are significantly decreased in COPD patients, compared with

healthy individuals. Our study showed that precise bilateral diaphragmatic

motion activity can be evaluated by dynamic chest radiography.

KEYWORDS

chronic obstructive pulmonary disease (COPD), diaphragmatic motion, forced
breathing, dynamic chest radiograph, prospective study

Introduction

Chronic obstructive pulmonary disease (COPD) is a
chronic, preventable and treatable, respiratory condition,
characterized by shortness of breath, cough and recurrent
exacerbations (Lozano et al., 2012). In this disorder, anomalies
in the small airways of the lungs limit the airflow in and
out of the lungs. Different risk factors and processes have
been reported as main causes of narrowing airways including
destruction of parts of the lung, mucus blocking the airways,
and inflammation and swelling of the airway lining (Morgan and
Summer, 2008). COPD is the third leading cause of mortalities
worldwide, causing 3.23 million deaths in 2019 (Stanaway et al.,
2018). In China, COPD is among the four most common
chronic diseases. With a prevalence of 13.7% in Chinese
populations over 40 years of age and affecting approximately
100 million people, COPD is currently a major public health
issue that imposes significant economic burden in China (Wang
et al., 2018). This disorder causes persistent and progressive
respiratory symptoms, including difficulty in breathing, cough
and phlegm production. COPD is a systematic chronic disease
that affects both men and women and the whole body is
involved in the disorder. COPD-associated symptoms such as
inflammatory cytokines, insufficient oxygen supply of tissue,
electrolyte disturbance and long-term use of steroid hormone
will severely affect the skeleton muscles throughout the body
(Barreiro and Gea, 2015; Jaitovich and Barreiro, 2018) including
diaphragm, which will further cause diaphragm fatigue and
contraction weakness (Charususin et al., 2018). Pulmonary
ventilation is highly dependent on diaphragm mobilization,
which attributes for nearly 80% of the pulmonary ventilation.
Therefore, accurate assessment of diaphragm function helps to
evaluate the progression of COPD and can provide guidance for
the clinical treatment of COPD.

Precision medicine for therapy and diagnosis of disorders
has dramatically progressed during the recent years (Agustí
et al., 2017; Sidhaye et al., 2018). Precision medicine for COPD
has also witnessed significant development recently. Recent
findings from modeling, imaging and molecular studies on the
heterogeneous and complicated nature of COPD have identified
different clinical and inflammatory phenotypes that highlight
the need for shifting the focus of health management strategy
from prototypic disease labels toward targeted therapies (Agustí
et al., 2017; Wouters et al., 2017; Sidhaye et al., 2018; Franssen
et al., 2019; Ulrik et al., 2020).

In brief, precision medicine approach aims to identify and
connect the right treatment to the right patient, meanwhile
minimizing the risk of adverse effects. Recent studies have
identified several treatable features for different types of
COPD including pulmonary, extra-pulmonary, psychological,
and environmental traits (Hersh, 2019; Dennett et al., 2021).
The next step is identifying and quantifying physiological
features, molecular pathways and underlying mechanisms of
these treatable traits through innovative modeling or detection
techniques and then developing noble reliable point-of-care
biomarkers to predict and/or differentiate responders from non-
responders to targeted therapies or precision medicine (Wouters
et al., 2017; Cazzola et al., 2018; Sidhaye et al., 2018).

In this study, we used a flat panel X-ray detector, which
can obtain dynamic chest radiography of breathing motion
in patient in the standing position. Dynamic radiographs are
more conducive to intuitively diaphragmatic motion, compared
with the static images of conventional chest radiographs. More
importantly, post-processing of the image obtained from this
type of detector, further provides quantitative parameters such
as the excursions, durations and peak velocity of diaphragm
longitudinal motion, which is conducive to precise evaluation
of the diaphragmatic motion in patient. Recently, several
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FIGURE 1

The Kinetic Analysis ToolTM automatically recognizes the bilateral pulmonary apexes and diaphragm dome. Dynamic X-ray working station
automatically marked the bilateral diaphragm dome (right diaphragm: blue line; left diaphragm: green line) and lung apex (right lung: red line;
left lung: purple line) in both end exhalation (A) and end inhalation (B), and tracing the position change with breathing.

relevant studies reported the application of this device to
evaluate the diaphragmatic motion, which reported significant
outcomes, but these studies are limited to single-center and
small-sample of COPD patients. To the best knowledge of
the authors, this study is the first application of the dynamic
chest radiography to quantitative assessment of diaphragmatic
motion in COPD patients in China and will further confirmed
its diagnostic value of COPD.

Materials and methods

Clinical materials

All experimental procedures of this study were approved by
the institutional review board and Ethics Committee of Beijing
Friendship Hospital affiliated to Capital Medical University,
Beijing, China (Ethics code: 2018-P2-086-01) that were in
accordance with the regulations and guidelines of the studies
on human subjects set by the Declaration of Helsinki (General
Assembly of the World Medical Association, 2014).

Written informed consent forms were obtained from all
patients in the study. The subjects were continuously enrolled
from June 2018 to June 2019. The inclusion criteria for COPD
patients included: 1. Age range of 40–75 years old, 2. Diagnosis
of stage I-IV COPD according to the 2017 Global Initiative
for Chronic Obstructive Lung Disease (GOLD) guideline, 3.
Current smoking or smoking history for the last 20 years,
4. Written consent for participating in the study. Exclusion
criteria included: 1. Patients with bronchial asthma, 2. Patients
with other diffuse pulmonary disease, 3. Patients with acute
pulmonary infection or pulmonary space-occupying lesions, 4.
Patients with obvious pleural or chest wall lesion, 5. Patients with

lung surgery history. A total of 96 COPD patients were enrolled
in the study, including 79 male (82.29%) and 17 female (17.71%),
average age 67 ± 7 years old. The inclusion criteria of healthy
individuals included 1. Age range 40–75 years of age, 2. Healthy
condition before the study and lack of any history of heart and
lung disease, 3. Normal lung function (FEV1/FVC > 70%), 4.
No smoking history, 5. Written consent form on participating
in the study. The individuals including 8 males (16.00%) and 42
females (84.00%), average age of 53 ± 5 years old were enrolled
in the study. The height and body weight of all participate
were recorded and body mass index BMI (weight/height 2)
were calculated.

Device and data analysis

A flat panel dynamic X-ray digital radiography apparatus
(Konica Minolta Inc., Tokyo, Japan) was used in this study.
Before radiography, the participants were taught to learn forced
inhalation to reach maximum inspiratory capacity (IC) and
followed by forced exhalation to reach maximum expiratory
capacity. Subjects were in a post-anterior standing position,
with scanning parameters of 100 kV tube voltage, 50 mA tube
current, 388 × 388 µm, 1,024 × 768 matrix and with an emitting
pulse at 15 frames/second. The X-ray were set to pulse emission
to reduce the radiation dose, exposure time were set to 15 s with
a radiation dose of approximately 0.34 mSv for each participant.

The obtained dynamic chest radiographs were transmitted
to the assorted workstation and then went under analysis using
the Kinetic Analysis Tool assorted to the workstation. This
software can automatically recognize and mark the bilateral lung
apex and the edges of diaphragm (Figure 1). A radiologist with
over 15 years of diagnosis chest radiography experience will
select the end-expiratory images and correct the highest point
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FIGURE 2

Bilateral diaphragmatic motion excursions and velocity vs. time curve automatically generated by the Kinetic Analysis ToolTM. Bilateral
diaphragm (left diaphragm: blue line; right diaphragm: red line) motion velocity-time curve (A) and motion excursions-time curve (B). The
forced inhalation stage was marked with blue dotted line A and the forced exhalation stage are marked with blue dotted line B. In (A), the
corresponding diaphragm velocity were of positive value in stage A and of negative value in stage B. The wave crest and trough representant the
diaphragm maximum motion velocity in inhalation and exhalation, respectively. In (B), the maximum diaphragmatic motion excursions were
representant as the difference value between maximum value in stage A and the minimum value in stage B.

of bilateral diaphragm and positions of bilateral lung apexes
which will be marked automatically by the software. Then, the
motion trail was automatically traced by the software and the
time curve of vertical dimension from diaphragm to lung apexes
were painted and corresponding diaphragmatic motion velocity
vs. time curve (Figure 2). The value of any point on the curves
can be displayed, the excursions, durations and peak velocities
of bilateral diaphragmatic motion were obtained based on the
values were shown on the curves.

Statistical analyses

Statistical analyses were performed using Statistical Package
for Social Sciences (SPSS) (IBM SPSS Inc., Chicago IL,
Windows version 20). Continuous data were employed with
normal distribution test. The variables with normal distribution
were presented as means ± standard deviation (s) and
variables with skewed distribution were presented in median
(Inter Quartile Range, IQR). For comparative analysis of the
COPD patients and healthy individuals, t-test was used for

normal distribution data and non-parametric test (Mann-
Whitney U) was used for skewed distribution data, and
Pearson Chi-square test was used for enumeration data.
The correlations between pulmonary function parameters
and diaphragmatic motion excursions were analyzed using
Pearson correlation analysis for normal distribution data and
Spearman correlation analysis for skewed distribution data.
For all correlation tests, r = 0.10∼0.39 was considered a
weak correlation; r = 0.40∼0.69 a medium correlation and
r = 0.70∼1.00 was considered a strong correlation. Multiple
linear regression was further used to analyze the correlation
between bilateral diaphragmatic motion excursions and the
COPD occurrence after correction for the gender, age and
BMI. In all statistical analyses the P < 0.05 was considered as
significant difference.

Results

Basic clinical characteristics of the 96 COPD patients
and 50 healthy individuals are presented in Table 1. There
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were significant differences in age, gender and height but
no significant difference in BMI between the COPD and the
healthy groups. Significant difference in IC, which reflects
pulmonary capacity, was found between COPD patients and
healthy individuals. Pulmonary ventilation parameters such
as forced vital capacity (FVC), forced expiratory volume in
on second (FEV1), and FEV1/FVC were significantly different
between COPD patients and healthy individuals.

The bilateral diaphragmatic motion activity during forced
breathing in both groups were recorded and sorted in
Table 2. The diaphragmatic motion excursions and durations
of inhalation and exhalation during forced breathing are
significantly decreased in COPD patients, compared with
healthy individuals (P < 0.05), but no significant difference
of diaphragmatic motion velocity is observed between the
two groups. The motion excursions of left diaphragm are
significantly higher than the right side in both COPD and
healthy groups (P = 0.025 in COPD patients and P = 0.048 in
healthy individuals). In COPD patients, the motion velocity of

left diaphragm is significantly higher than the right side in both
inhalation stage (P = 0.005) and exhalation stage (P = 0.006), but
there is no significant difference between left and right sides in
healthy individuals (P = 0.083 in inhalation stage and P = 0.109
in exhalation stage).

Then, the correlations between pulmonary function
parameters and bilateral diaphragm longitudinal motion
excursions were analyzed (Table 3). The FEV1/FVC% predicted
values showed the highest correlation with the diaphragmatic
motion excursions among all the lung function parameters,
which was of moderate correlation (Figure 3).

Finally, multiple linear regression analysis was conducted
to analyze the correlations between bilateral diaphragmatic
motion excursions and the COPD occurrence after corrected
for the gender, age and BMI. The results showed that COPD
occurrence (P = 0.003) and FEV1% predicted values (P = 0.001)
are independent influencing factors of left diaphragmatic
motion excursions. Moreover, COPD occurrence (P = 0.010)
and FEV1% predicted values (P = 0.002) are independent

TABLE 1 Basic clinical characteristics and pulmonary function assessment of COPD patients and healthy individuals.

COPD patients (n = 96) Healthy individuals (n = 50) Statisticst or χ2-value P-value

Age (year) 66.21 ± 8.31 53.44 ± 5.38 9.84 <0.001

Gender (male/female) 79/17 8/42 60.00 <0.001

Height (cm) 167.50(6.75) 160.00(7.25) –4.81 <0.001

Weight (kg) 68.94 ± 12.27 66.98 ± 9.24 0.99 0.322

BMI (Kg/m2) 24.69 ± 3.94 25.65 ± 2.94 –1.52 0.131

Lung function

FEV1% predicted value (%) 58.18 ± 21.49 110.60 ± 21.44 25.37 <0.001

FEV1/FVC% predicted value (%) 53.56 ± 11.11 79.87 ± 5.32 –19.34 <0.001

FVC% predicted value (%) 83.76 ± 20.00 102.75 ± 14.08 –6.66 <0.001

IC% predicted value (%) 79.92 ± 25.07 105.10 ± 15.18 –7.47 <0.001

TABLE 2 Comparative analysis of bilateral diaphragmatic motion activity during forced breathing in COPD patients and healthy individuals.

COPD patients
(n = 96)

Healthy individuals
(n = 50)

Statistics
t- or Z-value

P-value

Diaphragm longitudinal motion
excursions (mm)

Left 35.93 ± 13.07 41.49 ± 12.07 –2.501 0.014

Right 32.05 ± 12.29 36.88 ± 10.96 –2.334 0.021

Diaphragm descending time
during inhalation (s)

Left 2.03(1.19) 2.53 ± 0.83 –2.45 0.014

Right 1.94(1.32) 2.23(1.21) –2.62 0.009

Diaphragm ascending time
during exhalation (s)

Left 4.77(3.25) 6.40 ± 2.73 –2.42 0.016

Right 4.94(3.30) 6.72 ± 2.58 –2.93 0.003

Peak diaphragmatic motion
velocity in inhalation (mm/s)

Left 38.50 ± 14.42 37.94 ± 12.51 0.232 0.817

Right 32.98 ± 12.70 33.64 ± 12.05 –0.301 0.764

Peak diaphragmatic motion
velocity in exhalation (mm/s)

Left 34.46 ± 14.68 37.00(23.88) –1.38 0.168

Right 25.50(19.38) 29.25(18.63) –1.86 0.063
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TABLE 3 Correlation analysis of pulmonary function parameters and
bilateral total diaphragmatic motion excursions during
forced breathing.

Pulmonary function parameter Diaphragmatic
motion excursions

r P

FEV1% predicted values 0.364 <0.001**

FEV1/FVC% predicted values 0.440 <0.001**

FVC% predicted values 0.245 0.016*

IC% predicted values 0.325 0.002**

*P < 0.05, **P < 0.01.

influencing factor of right diaphragmatic motion excursions
(Table 4).

Discussion

The contraction and dilation of diaphragm are the main
driving force of pulmonary ventilation. In healthy people,
the bilateral diaphragm is smoothy and dome-shaped with
excursions of approximately 2∼3 cm during tidal breathing and
3∼6 cm during deep breathing (Yamada et al., 2017a). In this
study, all subjects were in standing position during dynamic
chest radiography with a flat panel X-ray detector, which
maintains the normal daily position of patients. Therefore,
the data acquired by dynamic chest radiography is more
accurate than other imaging methods such as computed
tomography (CT) and magnetic resonance imaging (MRI), in
which subjects are in a supine position. The enroll criteria
for the COPD patients followed the 2017 GOLD, that is, the
patient has persistent respiratory symptoms, airflow limitation,
and FEV1/FVC < 0.7 on pulmonary function tests after giving
bronchodilators, which indicates the patient has persistent
airflow limitation. The latest 2020 GOLD Guideline still
maintains the diagnostic criteria of 2017 GOLD Guideline
(Global Initiative for Chronic Obstructive Lung Disease, 2020).

As the airflow limitation and air trapping in COPD
patients causes significantly increased respiratory load. It is
reported that the respiratory load increased 5∼10 times in
COPD patients compared with healthy individuals (MacIntyre
and Leatherman, 1989). What’s more, excessive expansion of
lung tissue causes diaphragmatic depression, which leads to
shortened initial contraction length of diaphragm, reduces
diaphragm tension and affecting the respiratory movements.
The inflammatory cytokines produced by COPD severely
affect skeletal muscles throughout the whole body, including
the diaphragm. In addition, tissue insufficient oxygen supply,
electrolytic disorder further damages the diaphragm (Barreiro
and Gea, 2015; Yamada et al., 2017b; Charususin et al., 2018;
Jaitovich and Barreiro, 2018; Lee and Kim, 2019) and will finally

FIGURE 3

Correlation analysis of FEV1/FVC% predicted values and bilateral
total diaphragmatic motion excursions during forced breathing.

cause diaphragm fatigue or even respiratory failure, which will
severely reduce patient’s life quality. Previous studies mainly
focused on evaluation of diaphragm morphology or functional
imaging (Kharma, 2013; Koo et al., 2018; Do Nascimento
and Fleig, 2020). Traditional X-ray imaging is a preliminary
test for evaluating diaphragm morphology alteration (Chetta
et al., 2005). Further CT test will identify a variety of causes
of abnormal morphology and position of diaphragm (Nason
et al., 2012), for example, diaphragmatic elevation caused by
subphrenic lesions or unilateral diaphragmatic paralysis caused
by malignant lesions invading phrenic nerve. Dynamic MRI
test can further evaluate diaphragm function, but the MRI is
technically complicated and require high operation skills (Kiryu
et al., 2006). Ultrasonography is the most common imaging
modality to evaluate the morphology and function of diaphragm
in clinic. It is simple and free of ionizing radiation and it
can be used to measure both the direction and excursions
of diaphragmatic motion (Connolly and Mittendorfer, 2016;
Corbellini et al., 2018). The dynamic X-ray radiography used
in this study has its own unique advantages compared with
the abovementioned imaging methods. First, the equipment
requires low patient compliance, especially for patients who
cannot hold their breath long enough to complete a CT
scan or for patients who cannot tolerate long scanning time
of MRI, this equipment can also be used to evaluate the
diaphragmatic motion in COPD patients. Then, this equipment
can be used to monitor the morphological changes, motion
excursions and motion consistency of bilateral diaphragms
thoroughly. More importantly, it can provide quantitative data
such as diaphragmatic motion excursions and velocity, which
are conducive to a precise diagnosis.
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TABLE 4 Multiple linear regression correction analysis of bilateral diaphragmatic motion excursions and the COPD progress after base
line correction.

Variables Left diaphragm longitudinal
motion excursions (mm)

Right diaphragm longitudinal
motion excursions (mm)

Regression coefficient t P Regression coefficient t P

COPD occurrence (patient vs. control) –15.508 –3.073 0.003** –12.343 –2.615 0.010*

Gender 1.453 0.534 0.594 1.035 0.407 0.685

Age 0.056 0.358 0.721 –0.062 –0.423 0.673

BMI 0.550 1.954 0.053 0.498 1.893 0.060

FEV1% prediction (%) 0.192 3.276 0.001** 0.171 3.105 0.002**

*P < 0.05, **P < 0.01.

In our preliminary study, we analyzed diaphragmatic
motion status of COPD patients during tidal breathing. The
results showed that the diaphragmatic longitudinal motion
excursions in COPD patients are significantly longer than
healthy people, and this finding is consistent with the previous
report by Yamada et al. (2017b). On this basis, the present
study further analyzed the diaphragmatic motion status of
COPD patients during forced breathing. The results showed
that the diaphragmatic motion excursions in COPD patients are
significantly shorter than healthy individuals, and this finding
is consistent with the previous report by Hida et al. (2019).
The different results of diaphragmatic motion during different
breathing condition reflect that COPD pathological changes
affect the diaphragmatic motion activity, which is mentioned
above. Forced breathing can better reflects the motion state
of diaphragm and pulmonary function, compared with tidal
breathing. During forced breathing the diaphragm can no longer
maintain its compensatory ability of diaphragm as in tidal
breathing. In our study, the bilateral diaphragmatic motion
velocity shows no significant difference between COPD patients
and healthy individuals in both inhalation and exhalation phase.
However, Hida et al., 2019 reported that the left diaphragmatic
motion velocity is significantly lower than healthy individuals
in inhalation phase, that might be because of the difference of
the sample size of the study subjects and patient’s overall lung
function. Hida et al. (2019) enrolled only 31 COPD patients, so
their results need further validation from multi-central studies
with a larger sample size. We further compared the difference in
bilateral diaphragmatic motion during forced breathing between
COPD patients and healthy individuals. Our results showed
that the left diaphragmatic motion excursions are significantly
bigger than the right side in both groups and the maximum
motion velocity of left diaphragm is significantly higher than the
right side. This difference could be attributed to the restriction
caused by liver over the active contraction and descending of
right diaphragm.

Univariate analysis showed that the diaphragmatic motion
excursion during forced breathing was of moderate correlation
with FEV1/FVC (r = 0.440). Because the enrolled COPD

patients were of elderly age group and predominantly male, and
we failed to enroll enough age- and gender-matched healthy
individuals with matched age and gender. After correction for
the gender, age and BMI, multiple linear regression analysis
showed that COPD occurrence and FEV1% predicted values
is an independent influence factor of bilateral diaphragmatic
motion excursions. Hida et al. (2019), using the same dynamic
X-ray device as we do reported that in COPD patients
the diaphragmatic motion excursions are correlated to VC
and FEV1 during forced breathing using the same. Yamada
et al. (2017b) reported that COPD occurrence and BMI
are independent influence factor of diaphragmatic motion
excursions. Therefore, dynamic X-ray device can be used as an
auxiliary diagnosis to evaluate the lung function and degree of
diaphragm lesions in COPD patients, especially for those with
poor pulmonary function or unable to complete the pulmonary
function test due to failure to comprehend and cooperate
with the instructions. What’s more, using the post-processing
function of the device we can also obtain the functional images
of pulmonary ventilation and pulmonary circulation from the
images of dynamic chest films. The clinical applications of this
device needed further development and utilization.

This study has some limitations. First, it was a single-center
trial. Therefore, studies with larger sample size are needed to
validate the results. Second, the dynamic digital radiography
system is a newly developed device. The obtained radiographs
only contained anteroposterior position information but lacked
lateral position information, so further improvement is needed
to provide more objective data for clinical study. Third, there
were relatively few GOLD grades III or IV patients enrolled
in this study, no further grading study has been carried
out, so we still need to increase the sample size to further
improve the assessment.

Conclusion

In conclusion, the objective and accurate quantitative data
of diaphragmatic motion can be obtained using dynamic

Frontiers in Integrative Neuroscience 07 frontiersin.org

158

https://doi.org/10.3389/fnint.2022.842404
https://www.frontiersin.org/journals/integrative-neuroscience
https://www.frontiersin.org/


fnint-16-842404 September 29, 2022 Time: 15:21 # 8

Chen et al. 10.3389/fnint.2022.842404

chest radiography, which is a valuable examination method to
evaluate the condition of COPD patients.
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Prevalence and associated factors 
of basilar artery dolichosis in 
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Introduction: Little attention has been given to the factors associated with basilar 
artery (BA) dolichosis. This study aims to elucidate the prevalence and associated 
factors of BA dolichosis in patients with acute cerebral infarction (ACI).

Methods: We collected the clinical and laboratory data of 719 patients with ACI 
admitted to our department. Magnetic resonance angiography was used to 
evaluate the geometric parameters of the BA and intracranial vertebral arteries 
(VAs). A BA curve length > 29.5 mm or bending length (BL) > 10 mm was identified 
as BA dolichosis. Univariate and multivariate logistic regression were performed 
to determine the factors associated with BA dolichosis.

Results: Among 719 patients with ACI, 238 (33.1%) demonstrated BA dolichosis, 
including 226 (31.4%) with simple BA dolichosis and 12 (1.7%) with basilar artery 
dolichoectasia (BADE). Pearson correlation analyses showed that BA curve length 
was positively correlated with BL (r = 0.605). Multivariate logistic regression analysis 
demonstrated that current smoking (OR = 1.50, 95% CI: 1.02–2.21, p = 0.039), 
diabetes mellitus (OR = 1.66, 95% CI: 1.14–2.41, p = 0.008), BA diameter (OR = 3.04, 
95% CI: 2.23–4.13, p < 0.001), BA bending (OR = 4.24, 95% CI: 2.91–6.17, p < 0.001) 
and BL (OR = 1.45, 95% CI: 1.36–1.55, p < 0.001) were significantly associated with 
BA dolichosis.

Conclusion: This study suggests that BA dolichosis was common in patients with 
ACI, and the morphological parameters of the vertebrobasilar artery and acquired 
risk factors (including smoking and diabetes) were risk factors for BA dolichosis.

KEYWORDS

stroke, cerebral infarction, basilar artery dolichosis, vertebrobasilar dolichoectasia, 
diabetes mellitus

1. Introduction

Basilar artery dolichoectasia (BADE), a typical type of vertebrobasilar dolichoectasia (VBD), 
is characterized by elongation and dilatation of the BA. Some studies have argued that BADE 
may result from the combination of congenital developmental defects in the BA and the 
combined action of multiple risk factors for atherosclerosis (1–3) and that it may evolve 
dynamically (1, 4). Passero et al. (1). performed imaging follow-ups for 156 VBD patients with 
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an average disease duration of 11.7 years and showed that 43% of 
patients had morphological developments in the BA, including 
increases in BA length (BAL), BA diameter, and bending length (BL). 
A large BA diameter, high bifurcation of the BA, and elongation and 
dilatation of the anterior cerebral artery were factors correlated with 
morphological developments in the BA. In addition, the 
morphological progression of BA may further influence the prognosis 
of these patients (5–7).

BADE is an uncommon vasculopathy in the Chinese Han 
population, and many patients with simple BA dolichosis cannot 
be classified as having BADE. Our previous study found that among 
101 patients with acute pontine infarction, 33 patients (32.7%) 
presented with simple BA dolichosis, and only one patient (1.0%) 
developed BADE (7). Another investigation showed that in 346 
community-dwelling older adults, 11 individuals (3.2%) had BA 
ectasia, 36 individuals (11.6%) had BA dolichosis, and only 4 
individuals (1.2%) had BADE (2). However, little attention has been 
given to the prevalence of BA dolichosis and its associated risk factors, 
which is commonly observed in Chinese patients with acute cerebral 
infarction (ACI). The length of the BA does not remain constant (8), 
and its morphological remodeling may also be influenced by genetic 
factors (such as abnormalities in the structure and function of vascular 
muscle fibers and variations in different vertebrobasilar morphological 
indices) and acquired environmental factors (1–3). Therefore, based 
on this hypothesis, this study aimed to elucidate the prevalence and 
associated factors of BA dolichosis in the Chinese population by 
analyzing the clinical and imaging data of patients with ACI in our 
stroke unit.

2. Methods

2.1. Study design and patients

This was a cross-sectional study that purposely selected patients 
with ACI. All patients consecutively admitted between July 2015 and 
June 2019 to our department were selected according to the following 
inclusion criteria: age 18–80 years old, admission within 7 days after 
onset, and diagnosis of ACI by diffusion-weighted imaging. Patients 
with infarct foci involving both the anterior and posterior circulation, 
segmental thickening of the BA or BA aneurysms, evidence of 
hemodynamically severe BA stenosis (≥70%) or occlusion affecting 
data measurements, or incomplete clinical or imaging information 
were excluded. This study was approved by the Institutional Review 
Board of Hefei Hospital Affiliated to Anhui Medical University. 
Written informed consent was obtained from all patients or their 
guardians. All patients were registered in the Anhui Stroke 
Network Registry.

2.2. Clinical and laboratory data

Detailed clinical data were acquired from the patients, including 
age, sex, current smoking status, the presence of hypertension, 
diabetes mellitus, and dyslipidemia, as well as admission systolic and 
diastolic blood pressure. Hypertension was defined as a resting 
systolic/diastolic blood pressure of ≥140/≥90 mm Hg on repeated 
measurements or if the patient was taking anti-hypertension drugs. 

Diabetes mellitus was diagnosed when the patient had a fasting blood 
glucose level of ≥7.0 mmol/L, was taking oral hypoglycemic agents, or 
had been treated with insulin. Dyslipidemia was diagnosed if the 
patient had a total cholesterol level of ≥5.60 mmol/L, a triglyceride 
level of ≥1.81 mmol/L, or a low-density lipoprotein level of 
≥3.57 mmol/L, or if the patient had taken lipid-lowering medications 
for these conditions. Laboratory information, including blood glucose, 
total cholesterol, triglycerides, low-density lipoprotein, C-reactive 
protein, and homocysteine levels, was systematically recorded.

2.3. Imaging protocol and analysis

Magnetic resonance imaging (MRI) and magnetic resonance 
angiography (MRA) were performed using a 1.5 Tesla MRI scanner 
(Siemens Healthineers, Model: Avanto I  class, Germany). The 
geometrical parameters of the BA were analyzed by syngo 3-D 
VesselView. The scanning parameters and method for evaluating the 
BA characteristics, including BA diameter, BA curve length, BAL, BL, 
and BADE, were described in a previously published study (7). Among 
them, BAL is defined as the linear distance from the confluence point 
of the bilateral VAs to the initial point of the BA division into the 
bilateral posterior cerebral arteries, and BL is defined as the vertical 
distance from the bending point of the BA to the standard line of the 
BAL (9, 10). A BA curve length > 29.5 mm or BL > 10 mm was 
diagnosed as BA dolichosis, and BA ectasia was defined as a BA 
diameter > 4.5 mm at any location along its course. Patients meeting 
the above two criteria simultaneously were considered to have BADE 
(11). The severity of the BA bending was classified as moderate 
(0 < BL ≤ 10 mm) and prominent (BL > 10 mm). We further evaluated 
the maximum bend of the BA, which was divided into the proximal, 
middle, and distal portions of the BA. Image analysis was performed 
by two experienced neurologists, and the mean values of the above 
parameters were recorded as the results for further analysis. The line 
of the BAL was used to determine the location of BA bending (toward 
the right or left side or straight) (10). When there was any 
disagreement, a radiologist with 10 years of experience was consulted 
to resolve the issue. The diameters of the V4 segment of the bilateral 
vertebral arteries (VAs) were measured. From the vertebrobasilar 
artery junction, a series of three measurements with 3-mm intervals 
at each side was taken, and the mean diameter served as the VA 
diameter (12). VA dominance was defined as a difference in the 
diameter of both vertebral arteries of at least 0.3 mm or as an existing 
asymmetry in the merging of both VAs at the vertebrobasilar junction 
(10, 12). A Bland–Altman plot was used to analyze the agreement 
between the two readers.

2.4. Statistical analysis

All statistical analyses were performed using SPSS version 22.0 for 
Windows (SPSS Inc., Chicago, IL). Normally distributed variables are 
expressed as the mean ± standard deviation (mean ± SD), while 
nonnormally distributed variables are shown as the median (M) and 
interquartile range (IQR). Categorical variables are expressed as 
absolute numbers and percentages (%). Differences in continuous 
variables between groups were assessed by Student’s t-test (normally 
distributed) or the Mann–Whitney U-test (nonnormally distributed). 
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Differences in categorical variable distributions between groups were 
assessed by the χ2 test or Fisher’s exact test. Univariate and multivariate 
logistic regression were performed to determine the factors associated 
with BA dolichosis. Odds ratios (ORs) and 95% confidence intervals 
(CIs) were subsequently calculated. Potential relationships between 
variables were assessed by Pearson correlation analysis, and the 
correlation coefficient was expressed as r. All tests used a two-sided 
p-value of 0.05 as a threshold for significance. All plots were drawn 
using GraphPad Prism software (version 8.0).

3. Results

3.1. Baseline characteristics

A total of 719 patients with ACI were included in the study, of 
whom 452 had anterior circulation infarction and 267 had posterior 
circulation infarction. The mean age was 63.7 ± 10.4 years, and 69.5% 
were male. Among them, 238 patients (33.1%) demonstrated BA 
dolichosis, including 226 patients (31.4%) with simple BA dolichosis 
and 12 patients (1.7%) with BADE, while other 481 patients (66.9%) 
had no BA dolichosis. The proportion of BA dolichosis in patients 
with anterior and posterior circulation infarction was 32.5% (147/452) 
and 34.1% (91/267), respectively, with no statistically significant 
difference between the two groups. Further analysis revealed that in 
patients aged ≤64 years (median age), the proportion of BA dolichosis 
in patients with anterior and posterior circulation infarction were 
35.9% and 34.1%, respectively, while in patients aged >64 years, the 
proportion of BA dolichosis were 29.5% and 34.1%, respectively.

A total of 403 patients had BA bending (including 380 patients 
with moderate bending and 23 patients with prominent bending), and 
316 patients did not have BA bending (Figure  1). BA diameter 
(p < 0.001) and BL (p < 0.001) were significantly higher in patients with 
BA dolichosis than in those with non-BA dolichosis (Figures 2A,B). 
The BA curve length (p < 0.001) and BAL (p < 0.001) in patients with 
BA bending were significantly higher than those in patients with 

non-BA bending (Figures 2C,D). The proportion of BA bending was 
significantly higher in the BA dolichosis group than in the non-BA 
dolichosis group (77.7% vs. 45.3%, p < 0.001). No patient was 
diagnosed with simple BA ectasia. In 378 patients (94.7%) with BA 
bending, the maximum bend of the BA was located at the middle of 
the BA, with only 9 patients bending in the proximal region of the BA 
and 16 patients bending in the distal portion of the BA.

3.2. Univariate and multivariate logistic 
regression analysis of factors associated 
with BA dolichosis

Male sex (p < 0.001), current smoking (p = 0.001), diabetes mellitus 
(p = 0.019), diastolic blood pressure (p = 0.013), BA diameter (p < 0.001), 
left VA diameter (p = 0.001), right VA diameter (p = 0.002), and BA 
bending (p < 0.001) were significantly greater in patients with BA 
dolichosis than in patients without BA dolichosis in univariate analysis 
(Table 1). After adjusting for variables with a potential association 
(variables with a p-value <0.1 in univariate analysis), current smoking 
(OR = 1.50, 95% CI: 1.02–2.21, p = 0.039), diabetes mellitus (OR = 1.66, 
95% CI: 1.14–2.41, p = 0.008), BA diameter (OR = 3.04, 95% CI: 2.23–
4.13, p < 0.001), and BA bending (OR = 4.24, 95% CI: 2.91–6.17, 
p < 0.001) were significantly associated with BA dolichosis (Table 2). 
When BA bending was replaced by BL, a quantitative indicator 
indicating the degree of BA bending, in the above logistic regression 
model, BL (OR = 1.45, 95% CI: 1.36–1.55, p < 0.001) was also 
significantly associated with BA dolichosis (Table 2).

3.3. Correlation analysis between 
dependent variables

Pearson correlation analyses showed a positive correlation 
between BA curve length and BL (r = 0.605, p < 0.001; Figure 3). In 
addition, BA diameter, left VA diameter, and right VA diameter were 

A B

FIGURE 1

BA bending distribution in the entire study population (A); BA bending distribution in patients with BA dolichosis and non-BA dolichosis (B).
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positively correlated with BA curve length, BAL, and BL, respectively, 
and the VA diameter difference was also significantly positively 
correlated with BL (Supplementary Figure).

4. Discussion

In the present study, we hypothesized that the length of the BA 
may be related to the innate geometric patterns of the vertebrobasilar 
artery and acquired risk factors. We found that BA dolichosis was 
highly associated with smoking, diabetes mellitus, BA diameter, and 
BA bending in patients with ACI. In addition, the BA curve length was 
also positively correlated with the BL, BA diameter, and VA diameter.

BADE is uncommon in stroke patients, but we  found BA 
dolichosis to be relatively common in patients with ACI, and that 
there was little difference in the proportion of BA dolichosis between 
patients with anterior and posterior circulation infarction (32.5% vs. 
34.1%). This may be related to the fact that simple BA dolichosis has 
a less pronounced effect on stroke than BADE, especially in young and 
middle-aged patients, which does not usually cause a higher 
proportion of posterior circulation infarction. However, this 
proportional difference may widen with increasing age, as suggested 
by the subgroup analysis of this study, which was more pronounced 
in patients older than 64 years. This also suggests that BA dolichosis 
may be influenced by congenital factors and develops when the patient 
reaches adulthood (1), yielding little difference in the proportion of 
BA dolichosis between younger patients with anterior and posterior 
circulation infarction, but may lead to an increased risk of posterior 
circulation infarction with advancing age and increasing 
atherosclerotic factors (13).

Although we briefly compared the BA geometrical properties 
between patients with and without BA dolichosis in our previous 
study (7), we  did not evaluate the factors associated with BA 
dolichosis and the sample size was small. The present study had a 
sample size more than 7 times larger than the previous one and 
analyzed the factors associated with BA dolichosis more 
systematically. Previous studies have concluded that BADE diagnoses 
in healthy young people and children suggest congenital susceptibility 
as a potential cause of congenital developmental defects in the BA 
(14, 15). Pathological studies have confirmed that degeneration of the 
internal elastic lamina and smooth muscular atrophy are the main 
features of BADE in adults (16). However, it is challenging to obtain 
pathological data in a clinical context, but the geometric patterns of 
the vertebrobasilar artery that are influenced by congenital factors 
can be  directly visualized by vascular imaging. From another 
perspective, this study revealed that BA curve length was positively 
related to BA diameter and BL; that is, a greater diameter and 
curvature of the BA might be related to a longer BA. The vessel radius 
is the most essential determinant of blood flow; a larger BA diameter 
leads to more blood flow and greater pulling force, thereby acting as 
a potential stimulus for morphological changes in the BA (e.g., 
elongation, ectasia, and/or curvature), especially when BA bending 
already exists. Multivariate analysis also demonstrated that BA 
diameter and BA bending were closely related to BA dolichosis, 
further supporting the above viewpoint. Additionally, we found that 
BA curve length was positively correlated with BL and that BL, a 
quantitative indicator representing the degree of BA bending, was 
another risk factor associated with BA dolichosis. However, the 
underlying mechanism is not clear. Presumably, in addition to being 
associated with congenital vascular development, the uneven blood 

A B

C D

FIGURE 2

Comparison of BA diameter and BL between patients with BA dolichosis and non-BA dolichosis (A,B); Comparison of BA curve length and BAL 
between patients with BA bending and non-BA bending (C,D).
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flow within a curved BA, with the greatest blood pressure at the bend, 
also exacerbates the progression of BA curvature and elongation with 
increasing age (8).

In addition, the study by Hong et al. showed that the difference in 
the diameter of the VAs was the only independent predictor of moderate 
to severe BA dolichosis (12). Unlike their study, we only demonstrated a 
positive correlation between the VA diameter difference and BL. Even so, 
it is still generally believed that the BA usually curves in the opposite 
direction of the larger VA (12). The asymmetrical blood flow from the 
bilateral VAs might be an important hemodynamic contributor to BA 
mechanical changes, such as BA curvature and elongation (9, 11).

Risk factors for atherosclerosis may also play an important role in 
the development of BA dolichosis. The BA and VA morphological 
variants or structural deformation mentioned above can cause 
atherosclerosis, which in turn further aggravates BA dolichosis, and 
they can generate a vicious circle thereby increasing the risk of 
posterior circulation infarction (7, 13, 17, 18). Known influencing 
factors of BADE include aging, hypertension, diabetes mellitus, and 
smoking, among others, which are also targets that merit particular 
attention and intervention (3, 9). This study found that smoking and 
diabetes mellitus were also closely associated with BA dolichosis, 
supporting the hypothesis that atherosclerosis may be involved in the 
development of BA dolichosis. Previous studies have suggested that 

TABLE 1 Univariate logistic regression analysis of factors associated with BA dolichosis in patients with ACI.

Variable
BA dolichosis group 

(n = 238)
Non-BA dolichosis 

group (n = 481)
Unadjusted OR 

(95%CI)
Value of p

Demographic data

Age (years) 63.1 ± 10.3 64.0 ± 10.4 0.99 (0.98–1.01) 0.289

Male sex, n (%) 187 (78.6) 313 (65.1) 1.97 (1.37–2.83) <0.001

Risk factors

Current smoking, n (%) 86 (36.1) 119 (24.7) 1.72 (1.23–2.41) 0.002

Hypertension, n (%) 152 (63.9) 293 (60.9) 1.13 (0.82–1.56) 0.443

Diabetes mellitus, n (%) 84 (35.3) 129 (26.8) 1.49 (1.07–2.08) 0.020

Dyslipidemia, n (%) 72 (30.3) 124 (25.8) 1.25 (0.89–1.76) 0.205

Blood pressure on admission

Systolic blood pressure (mmHg) 152.3 ± 21.1 150.1 ± 20.0 1.01 (1.00–1.01) 0.168

Diastolic blood pressure (mmHg) 90.6 ± 12.5 88.1 ± 12.1 1.02 (1.00–1.03) 0.013

Laboratory indices

Blood glucose (mmol/L) 6.26 ± 2.91 6.65 ± 3.03 0.96 (0.90–1.01) 0.111

Total cholesterol (mmol/L) 4.30 ± 0.86 4.34 ± 0.98 0.95 (0.80–1.12) 0.514

Triglycerides (mmol/L) 1.99 ± 1.27 1.96 ± 1.42 1.02 (0.91–1.14) 0.776

Low-density lipoprotein (mmol/L) 2.59 ± 0.74 2.65 ± 0.86 0.91 (0.75–1.10) 0.307

C-reactive protein (mg/L) 6.57 ± 11.10 7.21 ± 13.09 1.00 (0.98–1.01) 0.511

Homocysteine (μmol/L) 16.50 ± 13.94 15.00 ± 11.17 1.01 (1.00–1.02) 0.125

Vertebrobasilar artery features

BA diameter (mm) 3.17 ± 0.68 2.78 ± 0.53 3.12 (2.32–4.19) <0.001

Left VA diameter (mm) 2.52 ± 0.94 2.29 ± 0.77 1.41 (1.16–1.72) 0.001

Right VA diameter (mm) 2.28 ± 0.81 2.09 ± 0.77 1.38 (1.13–1.70) 0.002

VA diameter difference (mm) 0.98 ± 0.93 0.85 ± 0.77 1.20 (1.00–1.44) 0.054

BL (mm) 4.97 (2.22, 7.71) 0 (0, 3.53) 1.44 (1.35–1.53) <0.001

BA bending, n (%) 185 (77.7) 218 (45.3) 4.21 (2.96–6.00) <0.001

VAD, n (%) 168 (70.6) 338 (70.3) 1.02 (0.72–1.14) 0.930

BA, basilar artery; VA, vertebral artery; BL, bending length; VAD, vertebral artery dominance.

TABLE 2 Multivariate logistic regression analysis of factors associated 
with BA dolichosis.

Models Adjusted OR (95% CI) Value of p

Model 1 (with BA bending)

Current smoking 1.50 (1.02–2.21) 0.039

Diabetes mellitus 1.66 (1.14–2.41) 0.008

BA diameter 3.04 (2.23–4.13) <0.001

BA bending 4.24 (2.91–6.17) <0.001

Model 2 (with BL)

Smoking 1.73 (1.16–2.59) 0.007

Diabetes mellitus 1.59 (1.06–2.38) 0.026

BA diameter 3.36 (2.40–4.69) <0.001

BL 1.14 (1.36–1.55) <0.001
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hypertension is critical in the development of VBD, especially the 
increase in BA diameter due to the influence of high blood pressure 
and subsequent hemodynamic changes (4). However, it remains 
unclear whether blood pressure directly affects BA length. In this 
study, univariate analysis revealed that the BA dolichosis group had a 
high proportion of hypertension and significantly elevated diastolic 
blood pressure, but multivariate analysis did not confirm that they 
were independent influencing factors of BA dolichosis. The results 
may need to be  further verified with larger sample studies. 
Additionally, there was a higher proportion of males in the BA 
dolichosis group. Deng et al. suggested that compared with females, 
males had a larger BA diameter, which is associated with BA length, 
while the overall height of males was greater than that of females and 
therefore could explain the longer BA in male individuals (19).

The present study also has some limitations. First, this study only 
included patients with ACI. Many patients showed a high prevalence 
of risk factors for atherosclerosis. Therefore, a separate or comparative 
analysis of influencing factors of BA dolichosis in healthy people is 
also warranted. Second, this study did not provide a long-term 
follow-up of the dynamic evolution of BA curve length. Third, this 
study did not evaluate the flow dynamics of the vertebrobasilar artery, 
which may help to elucidate the mechanism of the formation and 
development of BA dolichosis.

5. Conclusion

In this study, we found that BA dolichosis was common in patients 
with ACI, and the morphological parameters of the vertebrobasilar 
artery and acquired risk factors (including smoking and diabetes) 
were risk factors for BA dolichosis.
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