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Purpose: Non-small-cell lung cancer (NSCLC) comprises approximately 80% of all lung malignancies. The 5-year survival rate of
patients with advanced lung cancer who lost their chances of surgery is approximately 15%. Suitable animal models are important in
screening individualized treatment plans for patients with lung cancer, evaluating the pre-clinical efficacy of new drugs, and
conducting basic research.

Patients and Methods: In this study, we collected malignant pleural effusion (MPE) samples from 31 patients with NSCLC,
successfully constructed 11 NSCLC patient-derived xenografts (PDXs), and analyzed the factors affecting their successful establish-
ment. Primary PDX tumors were characterized using histological analysis, immunohistochemistry, short tandem repeat (STR)
profiling, and cytogenetic analysis.

Results: The PDXs preserved the histopathology and protein expression pattern of parental tumors. STR analysis revealed the PDX
tissue and a tumor tissue of the same individual origin. Statistical analysis showed that the survival time of patients reflected the
malignant degree of MPEs to a certain extent, thus affecting the establishment of PDXs. However, the age, gender, and clinical and
biochemical indicators of the patients did not affect the establishment of PDX models.

Conclusion: These data suggest that the established NSCLC PDXs preserved the molecular characteristics of primary lung cancer
and can serve as a new tool to elucidate the pathogenesis of tumors, explore new treatment methods, and conduct the research and
development of new drugs for tumors.

Keywords: PDX, translational model, short tandem repeat profiling, cytogenetic analysis, survival time

Introduction

In February 2018, the National Cancer Center reported lung cancer as the leading cancer in China in terms of morbidity
and mortality, with approximately 782,000 cases and 626,000 deaths annually.' Non-small-cell lung cancer (NSCLC)
accounts for approximately 80% of all lung malignancies. Chemotherapy-based comprehensive treatments, including
radiotherapy and targeted therapy, are usually adopted for advanced lung cancer when the opportunity for surgery is lost.
The 5-year survival rate of these patients is approximately 15%, and the expected survival time is short.” * Malignant
pleural effusions (MPEs) are a common complication of advanced lung cancer and the manifestation of locally advanced

Cancer Management and Research 2023:15 165-174 165
Received: 15 September 2022 © 2023 Liao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 25 January 2023
Published: 17 February 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Liao et al Dove

lung cancer. Chemotherapy, targeted therapy, and immunotherapy are important treatments for advanced NSCLC.>¢ At
present, most tumors are treated following the standardized scheme in industry guidelines. However, given the hetero-
geneity of tumors, different tumor types or different patients of the same tumor type exhibit various sensitivities to drugs,
and the treatment effects vary greatly.”® Suitable animal models are required to screen individualized treatment plans for
patients with lung cancer, evaluate the pre-clinical efficacy of new drugs, and conduct basic research. Patient-derived
xenografts (PDXs) are a transplanted tumor model formed by implanting tissue blocks, primary cells, and circulating
tumor cells derived from tumor patients into immunodeficient mice.” PDXs are more predictive of clinical outcomes
compared with cell line-derived xenografts.'®'* Tissue fragments from tumorectomy or biopsy are usually used to
construct PDXs, but they have limited availability or cell viability and cannot be fully preserved.'>'® Limited studies
have shown that tumor cells from the pleural effusion of patients with NSCLC can be easily separated and expanded and
cultured efficiently. MPEs may be an excellent source of tumor-initiating cells because they can effectively reproduce
in vitro and in vivo and can reproduce the natural heterogeneity of tumors.'® '

In this study, we used MPEs as the source of tumor cells for PDX establishment. We collected 31 MPE samples of
NSCLC and successfully constructed 11 NSCLC PDXs. The age, gender, clinical and biochemical tests, survival time,
and other factors of patients with MPEs were used to analyze the variables affecting tumor formation rate. Our results can
serve as a reference for the future establishment of NSCLC PDXs with MPEs as tumor cell sources. The results of this
study cannot only provide a reference for the establishment of NSCLC PDXs with MPEs as tumor cell source in the
future but also lay a solid foundation for the development of the PDX model of malignant tumor accompanied with
pleural effusion and ascites. In addition, the established PDXs can be used to clarify tumor pathogenesis, explore new
treatment methods, understand the drug resistance mechanism of NSCLC, test drug sensitivity, and develop new tumor
drugs.

Materials and Methods

Patient Characteristics
From September 2017 to January 2019, patients with NSCLC treated in Wuhan Pulmonary Hospital were included in the

study, and patient data (Supplementary Table S1), including gender, age, disease stage, clinical examination and

biochemical data, survival period, and immunohistochemistry, were collected prospectively. This study was approved
by the Clinical Research Ethics Board of Wuhan Pulmonary Hospital (WPH201710), and all patients provided a written
informed consent. All protocols adhered to the tenets of the Declaration of Helsinki. All animal studies were approved by
the Institutional Animal Care and Use Committee of Nanchang Royo Biotech Co., Ltd (RYE2017090501). Standard
animal care and laboratory guidelines are based on “Guidelines for the Care and Use of Laboratory Animals” (National
Research Council, 8th edition, 2011).

Collection and Pretreatment of MPEs

In accordance with the TNM pathological classification of patients with lung cancer, we selected NSCLC patients with
TNM grade IV and MPEs for enrollment. The process of collecting MPEs from patients with advanced lung cancer by
thoracic puncture ensured strict sterility, and all MPEs were confirmed as NSCLC by exfoliative cytology. The collected
MPE samples were transported to Nanchang Royo Biotech Co., Ltd. at 2 °C—8 °C within 72 h.

Phosphate-buffered saline (PBS, 10 uL, PB2004Y, China) was added with 10 pL 0.4% trypan blue dye to observe the
cell number and viability. The samples were diluted with PBS based on sample viscosity. MPE samples were centrifuged
at 300 g for 10 min to enrich the cells. The precipitate was collected and resuspended in PBS, and mononuclear cells
were isolated using a lymphocyte separation solution (LTS10771, TBD Science, Tianjin, China) in accordance with the
instructions and PBMC Isolation tubes (601,001, TBD Science, Tianjin, China). The interphase was collected, resus-
pended in PBS, and then centrifuged at 400 g for 10 min to collect cells. The collected cells were counted, and their
viability was tested. The cell suspension was collected and transported to the animal room at low temperature (2 °C—8
°C) for inoculation.
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Establishment of PDXs

All animals used in this study were 6—8-week-old female BALB/c nude mice (GemPharmatech Co., Ltd., China). The
mice were bred in the animal room of Nanchang Royo Biotech Co., Ltd. Under specific pathogen-free conditions, the
mice were bred on a commercial mouse diet and provided with a 12 h light-dark cycle.

A mixture of 1:1 cell suspension and Matrigel (Corning 354,234) was injected subcutaneously into the right forelimb
of the mice in a 200 pL injection volume with a cell density of 1x10’. The mouse tumor volume was measured with
a vernier caliper twice a week and calculated as follows: V=A*B?/2, where V is the tumor volume, A is the longest tumor
diameter, and B is the shortest tumor diameter. When the tumor volume of the NSCLC PDXs reached 1000—1500 mm?>,
the tumor tissue was surgically stripped, and the mice were euthanized. The surgically removed tumor tissue was cut into
2 mm X 2 mm X 2 mm pieces with a surgical blade and inoculated sterile into the subcutaneous right forelimb of the new
immunodeficient mice. The tumor was passaged to P4 using the same method for subsequent experimental study
(Figure 1).

Animals showing signs of skin ulcers, hunched posture, weight loss, vocalization, irritability, or lack of grooming
were carefully monitored and euthanized. Euthanasia was performed by carbon dioxide.

Histological and Immunohistochemical (IHC) Analyses

Tissue samples used for hematoxylin—eosin (H&E) staining and immunohistochemistry were derived from lymph node
metastases and PDXs from lung cancer patients (No. 11 and No. 27) with MPE. The tumor tissue and PDXs were fixed in
formalin and embedded in paraffin. Slides (4 um) were prepared and stained with H&E for pathological evaluation. The
tissue sections were incubated with Cytokeratin 7, P40, and Thyroid Transcription Factor-1 antibodies (Zhong Shan-
Golden Bridge Biological Technology Co., Ltd., Beijing, China) at 4 °C overnight. The horseradish peroxidase-IgG
secondary antibody was used at 37 °C for 15 min and detected by diaminobenzidine reaction.

Short Tandem Repeat (STR) Profiling and Cytogenetic Analysis

We used QIAamp DNA FFPE Tissue Kit (#56404, Qiagen, China) to isolate DNA from formalin-fixed and paraffin-
embedded tissues. The slides were dewaxed with xylene and then washed with ethanol to remove xylene. The sample
was lysed overnight under denaturing conditions with proteinase K and then cultured at 90 °C to reverse the cross-linking
of formalin. In a suitable solution environment, DNA was bound to the QIAamp MinElute column, and the residual
pollutants were washed. Finally, the DNA was eluted. The multiple polymerase chain reaction (PCR) multiplex
amplification system (CELL STR™ System) by Beijing HKgene Technology Co., Ltd. was used to analyze 20 STR
loci and perform 1 sex locus amplification. The PCR products were analyzed with ABI 3130x] DNA Analyzer (Applied
Biosystems). The test results were analyzed with GeneMapper ID-X v1.2 (Applied Biosystems) software.

Statistical Analysis
The association of PDX establishment with covariates was statistically analyzed. Whether the PDXs were successfully
constructed was set to terminate the observation event, and factors, such as gender, survival time, and clinical
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Figure | Construction flow of PDX models for NSCLC.
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examination and biochemical data, were considered covariates that may affect tumor formation rate. The classification
was analyzed by chi-square test or Fisher’s exact test, whereas the analysis of continuous variables was performed to
determine whether it conforms to the normal distribution and whether #-test or Mann—Whitney U-test should be used. The
Log rank test was used to compare survival curves. Cox proportional hazard regression was used for univariate and
multivariate survival analyses. All statistical analyses were performed using SPSS23.0 version. All P values were
bidirectional, and statistical significance was considered at P < 0.05.

Results

Establishment of PDXs of NSCLC

In this study, we collected 31 cases of MPE samples of NSCLC with TNM grade IV and MPE and successfully
constructed 11 cases of NSCLC with a tumor formation rate of 35.5%. The PDXs were established in nude mice and
successfully passaged for other analyses. In this study, we selected the tumor tissues of two patients and their
corresponding PDX models for histological and IHC analyses, in which patient NO. 11 was displayed in the results
section, and patient NO. 27 was displayed in the Supplementary Materials (Supplementary Figures S1 and S2).

PDXs Preserve the Histopathology and Protein Expression Pattern of the Parental

Tumor

Evaluation of patient tumor showed that irregular glandular tubular cell nests were found in the fibro-fatty tissue. Several
were papillary, the epithelial cells were crowded, the nucleus was large and vacuolated, and nuclear divisions were easily
observed. Coagulative necrosis was found in certain areas (Figure 2). The tumor evaluation of PDXs showed a typical
adenocarcinoma area under the microscope, the cancer tissue was solid nested, and the shape was similar to that of the
original tumor (Figure 2). In summary, the established PDXs were consistent with the histological characteristics of the
original tumor.

CK7 and TTF-1 are common markers of lung adenocarcinoma, and P40 is a common marker of lung squamous cell
carcinoma. CK7, P40, and TTF-1 immunohistochemistry was performed on the patient samples and PDXs. IHC results
of PDXs and NSCLC patients, which were CK7(+), P40(-) and TTF-1(+), were the same (Figure 3). The P40 negative
result ruled out the possibility of lung squamous cell carcinoma, and CK7 and TTF-1 positive finding confirmed that the
established PDXs and original tumor tissues were lung adenocarcinoma. The established PDXs maintained the IHC
characteristics of the patients with NSCLC.

In summary, the established PDXs were consistent with the histological features and protein expression pattern of the
original tumor.

Figure 2 The PDX models are consistent with the histological. Tumor tissues from patient (NO.| 1) and the P4 generation PDX model were fixed and examined with H&E
staining.
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Figure 3 The PDX models have the same protein expression pattern with the original tumor.
Notes: HC images of the lymph node metastasis of patients and P4 generation PDX. Tumor tissues from the patient (NO.| |) and the P4 generation PDX were fixed and
immunohistochemical with specific antibodies.

STR Analysis Revealed PDX Tissue and Tumor Tissue of the Same Individual Origin
STRs, also known as microsatellite DNA, are mainly used in genetic linkage map analysis, family identification,
identity authentication, and other fields. The DNA samples of patients and PDXs were tested for STR genotyping in
accordance with the above steps. The STR data showed no cross-contamination of other human cells. STR analysis
results showed that the two STR data conformed to the law of inheritance and can be judged as the same individual
source (Figure 4).
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Table | Baseline Characteristics of Participants in the Study (N = 31)
All (n=31) PDX Established (n=11) | PDX Did Not Develop (n=20) | P-value*
Age (years) 59.81+11.86 56.2+13.3 61.8£10.9 0.213°
Sex (%) Male (%) 18 (58.1%) 4 (36.4%) 14 (70%) 0.128°
Female (%) | 13 (41.9%) 7 (63.6%) 6 (30%)
Color of MPEs (%) Red (%) 14 (45.2%) 5 (45.5%) 9 (45%) 1.000*
Yellow (%) | 17 (54.8%) 6 (54.5%) 11 (55%)
Transparency of MPEs (%) | Cloudy (%) | 28 (90.3%) 10 (90.9%) 18 (90%) 1.000*
Clear (%) 3 (9.7%) I (9.1%) 2 (10%)
Cell counts of MPEs (1076/L) 1400 (800,3160) 1800 (500,3500) 1300 (800,3133) 0.804°
Total protein in MPEs (g/L) 39.08+10.15 38.61£7.02 39.35%11.68 0.851°
Total protein in venous blood (g/L) 59.2245.35 58.76+5.44 59.48+5.42 0.730°
LDH in MPEs (U/L) 595 (300,866) 683 (443,906) 577 (250,840) 0.509¢
LDH in venous blood (U/L) 195 (139,241) 169 (143,284) 196 (139,235) 0.901°¢
Ratio of LDH 3.094+1.962 3.552+1.759 2.842+2.064 0.343°
Tumor metastasis (%) | Single (%) 14 (45.2%) 7 (63.6%) 7 (35%) 0.1537
Multiple (%) 17 (54.8%) 4 (36.4%) 13 (65%)
CEA in MPEs (ng/mL) 359.40 (34.66,1000.00) | 362.20 (73.15,949.70) 201.37 (16.76,1000.00) 0.684¢
CEA in venous blood (ng/mL) 26.49 (7.45,161.2) 28.19 (10.64,59.12) 19.28 (5.1,253.56) 0.710¢

Notes: *Fisher’s exact test; “Student’s t-test; “mann-Whitney U-test. “For comparisons of normally distributed variables, non-normal data and categorical variables, Student’s
t-test, Mann—Whitney U-test, and Fisher’s exact test were used, respectively.
Abbreviations: TP, total protein; LDH, lactate dehydrogenase; CEA, carcinoembryonic antigen.

Characteristics of Patients and MPEs Did Not Affect the Establishment of PDXs

The PDX tumor formation rate was compared with these characteristics to determine whether any characteristics
influence the successful establishment of PDXs (Table 1). The results based on age, gender, tumor metastasis, color,
transparency, cell number, total protein content, lactate dehydrogenase (LDH) content, and carcinoembryonic antigen
content of the MPEs showed no significant difference in PDX tumor formation rate. Therefore, the age, sex, clinical
biochemical indicators, characteristics of MPEs, and other factors did not affect the establishment of PDX.

Correlation of Engraftability and Clinical Outcome

As a key point, we examined whether the survival of NSCLC patients with MPEs affected the establishment of PDXs.
Except for one patient who could not be followed up due to loss of contact, we analyzed the survival of 10 (33.3%)
patients in the tumor group and 20 (66.7%) patients in the nontumor group.

The survival time of patients in the tumor group (median survival = 3 (month), 95% confidence interval (CI): 1.5-4.5)
was significantly lower than that of patients in the nontumor group (median survival time = 16 (month), 95%: CI 7.0-
25.0). In the Log rank test, P = 0.031 (P < 0.05, Figure 5, Table 2). Thus, the survival time of patients was evidently
related to the establishment of PDX.

Discussion
The establishment of an appropriate preclinical model is essential for translational cancer research. As a preclinical
model, PDX has shown advantages in drug screening, biomarker development, and joint clinical trials.*** In recent
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Figure 5 The survival rates of the patients corresponding to the successful establishment of PDXs were significantly lower. The survival curves of the groups with successful
PDX establishment and those without successful PDX establishment showed significant differences in survival.

years, the number of PDXs of lung cancer has gradually increased. Previous studies used resected or biopsy tumor tissues
to construct PDXs, but the present research used the MPEs of patients with lung cancer because most of patients with
MPEs lose the opportunity for operation, and surgical samples cannot be obtained upon diagnosis. Moreover, the number
of tumors, including primary NSCLC, and the ratio of transplanted tumors are limited, and surgical debris must be
processed quickly, usually with a limited amount of raw tumor material. However, limited studies have shown that tumor
cells from the pleural effusion of patients with NSCLC can be easily isolated and expanded and cultured efficiently.
Therefore, we used MPEs as the source of tumor cells to establish a NSCLC PDX and achieved better results.

A large number of studies have confirmed that PDXs can preserve well the morphological characteristics and protein
expression patterns of tumors, and our experimental results are consistent with their findings.”> 2’ Therefore, in this
study, we selected the tumor tissues of two patients and their corresponding PDXs for histological and IHC analysis.
H&E staining results showed that PDXs preserved the histological appearance of the primary tumor. Different patho-
logical types of cancer have various clinical indicators. The IHC markers selected in this study included CK7, P40, and
TTF-1. CK7 is the most sensitive immunological marker for lung adenocarcinoma, with a positive rate of nearly 100%.
Therefore, CK7 is the first choice for the identification of primary lung adenocarcinoma. TTF-1 positivity also often
indicates lung adenocarcinoma; squamous cell carcinoma is generally negative, and P40 is a common marker for lung
squamous cell carcinoma. PDX tissue and original tumor p40 were negative, excluding squamous cell carcinoma.
Considering the results of immunohistochemistry, we determined that the PDX tissue and original tumor were typical
adenocarcinoma. Both presented consistent IHC features. The tumor tissue used for H&E staining and IHC analysis in
this study was derived from lymph node metastases of patients with lung cancer instead of MPEs to obtain accurate
results. In addition, our models used free cancer cells, which were in a liquid environment, that were extracted from

MPEs. However, after the isolated cancer cells formed a solid tumor in the mouse, typical adenocarcinoma areas with

Table 2 Log Rank Test to Compare the Relationship Between Survival Period and Tumor Development

Univariate Analysis
Covariates N(30) | Event | Median Time of Lifetime (Months) (95% CI) | P
PDX established 10 10 3 (1.54.5) 0.031 (P<0.05)
PDX did not develop | 20 13 16 (7.0-25.0)
172 https: Cancer Management and Research 2023:15
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solid nests appeared, consistent with the histological characteristics of the original tumor. The free cancer cells in MPEs
can still form glandular lumen structures.

The survival period of patients significantly affected the establishment of PDXs. The survival period itself was our
key indicator before starting the study. We speculated that the survival period of patients can comprehensively reflect the
degree of tumor malignancy to a certain extent. The higher the degree of malignancy, the higher the chance of tumor
formation. In addition, statistics showed that whether a PDX was established is a risk factor for survival. This finding
inversely proves that the more malignant tumor cell samples are, the shorter the survival time of the patient. Thus, the
survival time of patients who successfully established PDXs was significantly shorter than that of patients who failed to
establish PDXs.

The color and transparency of MPEs were also our concern. We speculated that the bloody pleural fluid may be
caused by the malignant degree of the tumor itself, but the experimental results did not support this assumption. In
addition, the cell count of the extracted MPEs did not affect the establishment of PDXs. We speculated that the cell count
of the MPE samples can reflect tumor malignancy to a certain extent. Therefore, the cell count of MPEs was determined,
and no statistical difference was found. We speculated the small sample size as one of the reasons. In addition, MPEs
contain neutrophils, lymphocytes, mesothelial cells, and so on because each patient has different ratios between cells of
MPEs, and the cell count of MPEs does not fully reflect the number of cancer cells, which may explain the lack of
statistical difference. In the follow-up research, we can further explore this speculation.

In this experiment, we used lymphocyte separation solution to separate mononuclear cells in MPEs, that is, the
interphase. These monocytes are not only cancer cells but also epithelial cells, inflammatory cells, and so on. We did not
further isolate cancer cells. As a result, we can inoculate a mixture of cells to immunodeficient mice. The advantages of
this process are simple operation and low cost. However, whether the mixed cells of nontumor cells affect the
tumorigenesis rate of PDXs is unclear. In subsequent experiments, we can use magnetic bead purification or flow sorting
to isolate cancer cells and construct a PDX. Then, we can explore the influence of nontumor cells in monocytes on the
tumor formation rate of PDXs.

DNA was extracted from the established P4 tissues by PCR and analyzed by electrophoresis (Supplementary Table

S2). The samples tested contained genes from mice and humans (Supplementary Figure S3). Thus, the xenotransplanta-

tion model we established was derived from human tissues. To further verify the genetic relationship between PDX
samples and patient tissue, we selected the tissue of patient No. 11 and the corresponding PDX model for STR testing.
The STR results showed that the STR data of PDX and primary tumor conformed to genetic rules, and they can be
judged to be from the same individual source.

Conclusion

H&E staining, IHC, PCR and STR of the patient samples and tumor-bearing mouse samples revealed similar morpho-
logical and molecular characteristics, which can be judged to have the same individual source. In addition, the patient’s
survival rate was negatively correlated with establishment of PDXs. However, Characteristics of patients and MPEs did
not affect the establishment of PDXs. Our research confirmed that MPEs are a good source of tumor cells and provided
a reference for the establishment of NSCLC PDXs in the study of the pathogenesis and treatment of the disease.
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