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ARTICLE INFO ABSTRACT

Keywords: Non-small cell lung cancer (NSCLC) is a highly malignant tumor, with a significant mortality and morbidity. With

CART the development of tumor immunotherapy, chimeric antigen receptor T cells (CART) gets increasingly attention

Cb147 and achieves prominent contributions in the treatment of hematologic malignancies. However, CART therapy for

g:g:;mherapy NSCLC proceeds slowly and further researches need to be investigated. In our study, we performed bioinfor-
matics analysis to evaluate the significant role of CD147 in NSCLC. The expression level of CD147 was detected
in human NSCLC cell lines and NSCLC tissues. Meanwhile, CD147-CART was constructed and identified. Cell
cytotoxicity and cytokine secretion were performed to evaluate the efficacy of CD147-CART. We also constructed
cell-derived xenograft (CDX) model and patient-derived xenograft (PDX) model, which was used to further
investigate the safety and efficacy of CD147-CART in vivo. Our observations show that CD147 is a specific tumor
antigen of NSCLC and plays an essential role in NSCLC progression, which can be used as a target for CART
therapy in NSCLC. CD147-CART cells exhibit robust cytotoxicity and cytokine production in vitro, suggesting a
strong anti-tumor activity against NSCLC tumor cells. Importantly, CD147-CART cells have strong anti-tumor
activity against NSCLC cells in vivo in both CDX and PDX models and no adverse side effects. Our findings
show that CD147-CART immunotherapy for NSCLC is safe and effective, which is an ideal and promising medical
patch for treating NSCLC.

Background novel treatments for NSCLC patients to improve survival and quality of

life.

Recently, the incidence of cancer has been increasing gradually,
which threatens human health seriously [1-3]. Data from the World
Health Organization shows that the mortality (18%) and morbidity
(11.4%) rates of lung cancer occupies the first or second position in
malignant tumors around the world [3]. NSCLC accounts for approxi-
mately 85% of lung cancer, lung adenocarcinoma (LUAD) and lung
squamous cell carcinoma (LUSC) mainly included [4]. Despite rapid
improvements in NSCLC treatment, including surgery, chemo-
radiotherapy, and targeted therapy, the recurrence and 5-year survival
rate are still suspenseful [5-10]. Therefore, it is necessary to develop

With the development of tumor immunology, immunotherapy gets
increasingly attention and achieves prominent contributions in cancer
treatment, including cytotoxic T-lymphocyte antigen-4 (CTLA-4) in-
hibitors, programmed death-1 (PD-1) inhibitors, CART, dendritic cell
vaccine, and cytokine-induced killer cells [11-13]. As a novel adoptive
immunotherapy, CART cell therapy has developed rapidly and more
than 100 clinical trials are ongoing worldwide [14,15]. CART cells
specifically recognize tumor antigens and are rapidly activated to kill
tumor cells. Currently, CART therapy is mainly used in the treatment of
hematologic malignancies. Two CART products targeting CD19,
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Kymriah and Yescarta, have been approved by the Food and Drug
Administration for the treatment of relapsed and refractory acute
lymphoblastic leukemia and relapsed specific large B-cell lymphoma,
which show a good therapeutic effect [10,16]. However, the therapeutic
effect of CART in solid tumors, including NSCLC, is poor due to lack of
tumor-specific antigens, antigen heterogeneity, immunosuppressive
tumor microenvironment, and low levels of infiltration of CART cells
into tumor tissue [17]. Currently, most tumor-associated antigens are
used as targets for CART therapy in NSCLC patients, including EGFR,
MSLN, MUC1, and PSCA, which contributes to on-target/off-tumor and
cellular toxicity [17]. The unique technical advantages of CART cell
therapy, including no limitation of MHC antigen presentation, short
preparation time in vitro and immune memory potential, are expected
and desired in the field of solid tumor therapy [18,19]. Therefore, the
further investigation on CART cells for NSCLC treatment is urgently
needed to overcome obstacles.

The tumor-associated antigen CD147, a highly glycosylated trans-
membrane immunoglobulin, is widely and specifically expressed in
multiple malignancies, including hepatocellular carcinoma, NSCLC,
glioma, and breast cancer [20]. CD147 is reported to be positively
associated with tumor proliferation, invasion, metastasis, and tumor
angiogenesis [21-24]. Two drugs targeting CD147, Licartin [25] and
Metuzumab [26], demonstrate a good therapeutic effect in the treat-
ment of hepatocellular carcinoma and NSCLC, respectively. Therefore,
CD147 is considered as a potential and promising target for CART
therapy.

In our study, we found that CD147 was a specific tumor antigen of
NSCLC and played an essential role in NSCLC progression, which could
be used as a target for CART therapy in NSCLC. In vitro and in vivo ex-
periments showed that CD147-CART cells exhibited a strong anti-tumor
activity against NSCLC tumor cells. Our findings show that CD147-CART
immunotherapy for NSCLC is safe and effective, which provides a
promising target and drives the clinical development for NSCLC
treatment.

Methods
Bioinformatic analysis

The mRNA data of NSCLC (LUAD, tumor tissues, 519 samples, tumor-
adjacent tissues, 58 samples; LUSC, tumor tissues, 497 samples, tumor-
adjacent tissues, 49 samples) was obtained from the Cancer Genome
Atlas (TCGA) database (https://cancergenome.nih.gov). In order to
explore the role of CD147 in the NSCLC progression, the tumor samples
were selected and divided into three groups according to quartile,
including high CD147 group (> 75%), moderate CD147 group (25%-
75%), and low CD147 group (< 25%). The differentially expressed genes
(DEGs) between high CD147 group and low CD147 group were identi-
fied according to the role of P < 0.05, |loga(Foldchange)| > loga(1.5).
Gene ontology (GO) enrichment analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis were performed using clusterPro-
file software (Version 4.02). The overall survival (OS) analysis was
operated using Gene Expression profiling Interactive Analysis (GEPIA)
(http://gepia.cancer-pku.cn/) [27] and the Kaplan Meier Plotter
(https://kmplot.com/analysis/) [28]. TIMER (https://cistrome.sh
inyapps.io/timer/) analysis was performed to explore the correlation
between CD147 expression and CD8+ T cell infiltration [29,30].

Vector design

The lentivirus encoding CD147-CAR gene was obtained from Gen-
echem Co.,Ltd.. CD147-CAR vector was mainly composed of anti-CD147
single-chain variable fragment (scFv), CD8 hinge, 4-1BB costimulatory
domain, and CD3( signaling domain. Anti-CD147 scFv was acquired
from the sequences of humanized monoclonal antibody against CD147
(WBP247, produced by our laboratory), and then fused to a human CD8
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hinge, a 4-1BB cytoplasmic domain, and a CD3{ signaling domain to
construct CD147-CAR. The CD147-CAR gene was cloned into the vector
(Genechem) using BamHI/EcoRI.

Cell lines

The NSCLC cell line A549 was obtained from the American Type
Culture Collection, and H460, H1975, and H2170 cell lines were pur-
chased from the Cell bank of Chinese Academy of Sciences. The cell lines
A549 and H460 were transfected with lentiviral vector encoding firefly
luciferase (FFLuc) gene to generate A549-FFLuc and H460-FFLuc cell
lines. All cell lines were cultured at 37 °C under 5% CO5 in RPMI 1640
medium (10-040-CVRC, CORNING) which was supplemented with 10%
fetal bovine serum (10,100-147, Gibco), 2% 1i-glutamine, and 1%
penicillin/streptomycin. Meanwhile, the cell lines have been tested and
authenticated using Short Tandem Repeat DNA profiling by Beijing
Microread Genetics Co., Ltd. (Beijing, China).

Western blotting

The total protein was extracted from A549, H2170, H460, and
H1975 cells using RIPA lysis buffer (PO013B, Beyotime), and was
quantified by BCA Protein Assay Kit (23,225, Thermo Fisher Scientific).
After adding 5 x loading buffer, the samples were heated at 100 °C for
5-10 min and loaded onto 10% SDS-PAGE gel for electrophoresis. Then,
they were transferred to PVDF membranes (IPVH00010, Millipore)
followed by 5% non-fat milk for 1 h. Subsequently, the membranes were
incubated at 4 °C overnight with the corresponding primary antibodies
(anti-CD147 antibody (HAb18) [31,32], produced in our laboratory;
anti-CD147 antibody, 13287S, CST; anti-p-actin antibody, M1210-2,
HUABIO). After washed with TBST, PVDF membranes were incubated at
room temperature for 1 h with goat anti-mouse IgG (H + L) antibody
(31,430, Thermo Fisher Scientific). Finally, the membranes were
washed with TBST and the images were obtained from imaging system
(BIO-RAD).

Flow cytometry

The cells were collected and incubated with the corresponding an-
tibodies (PE/Cyanine7 anti-human CD147 antibody, 306,216, Bio-
Legend; FITC anti-human CD3 antibody, 300,406, BioLegend; APC/
Cyanine7 anti-human CD4 antibody, 317,418, BiolLegend; PerCP/
Cyanine5.5 anti-human CD8a antibody, 301,032, BioLegend; FITC-
Labeled Recombinant Protein L, RPL-PF141, ACRO Biosystems; PE
anti-human CD25 antibody, 302,606, BioLegend; APC anti-human CD69
antibody, 310,910, BioLegend; APC anti-human CD107a antibody,
328,619, BioLegend; PE/Cyanine7 anti-human PD-1 antibody, 329,917,
BioLegend; PerCP/Cyanine5.5 anti-human CD8a antibody, 301,032,
BioLegend; PE-anti human IL-2 antibody, 500,307, BioLegend; PE/
Cyanine7 anti-human IFN-y antibody, 502,528, BioLegend; APC anti-
human TNF-a antibody, 502,912, BioLegend) at 4 °C for 30 min. After
washed with PBS, all samples were detected by FACS Aria instrument
(BD Biosciences) and data were analyzed with FlowJo7.6 software (Tree
Star).

Immunohistochemistry (IHC) analysis

IHC staining was performed using a General SP kit (SP-9000, ZSGB-
BIO) according to manufacturer’s protocol and 3,3'-diaminobenzidine
(ZLI-9019, ZSGB-BIO). Cell nucleus was stained by hematoxylin (G1140,
Solarbio). For the detection of CD147 expression in NSCLC tissues, tissue
microarrays of LUAD and LUSC were purchased from Shanghai Outdo
Biotech, anti-CD147antibody (HAb18) was used to detect the expression
of CD147 in NSCLC tissue microarrays. For tumor tissues from CDX
model or PDX model, the corresponding primary antibodies (anti-Ki67
antibody, ab16667, Abcam; anti-CD3 antibody, ab5690, Abcam; anti-
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CD8a antibody, ab237709, Abcam) were used to detect the targeted
proteins. Cell apoptosis in tumor tissues was evaluated using TUNEL
Assay Kit (ab206386, Abcam) according to manufacturer’s instruction.

Peripheral blood mononuclear cells (PBMCs) isolation and CD147-CART
construction

PBMCs were isolated from healthy donors by Ficoll-Hypaque den-
sity-gradient centrifugation and cultured in 24-well plate with 2 pg/ml
anti-human CD3 antibody (317,347, BioLegend), 4 pg/ml anti-human
CD28 antibody (302,943, BioLegend), and 200 IU/ml recombinant
human IL-2 (200-02, PeproTech). After two days, PBMCs (1 x 100 cells)
were transfected with lentivirus (Genechem) encoding CD147-CAR
gene, and the culture was supplemented with 200 IU/mL recombinant
human IL-2 every 48 h. The subtype and phenotype of CD147-CART
cells were identified with flow cytometry analysis, which was
described in the methods of flow cytometry.

Lactate dehydrogenase (LDH) release assay

The cell lines A549, H2170, and H460 were co-cultured with CD147-
CART cells or PBMCs in 96-well plate for 6 h according to different
effector: target (E:T) ratios. The supernatant was collected and detected
by the Cytotoxicity Detection Kit™™S (LDH) (4,744,934,001, Roche)
according to the manufacturer’s protocol. The calculation of% cell lysis
from the LDH release assay was performed using the following equation:
Cytotoxicity (%) = (exp. value — low control)/(high control — low con-
trol) x 100%.

Firefly luciferase reporter system assay

The cell lines A549-FFLuc and H460-FFLuc were co-cultured with
CD147-CART cells or PBMCs in 96-well plate at the indicated E: T ratios.
After 6 h, the live tumor cells were determined by Dual Luciferase Re-
porter Assay System Kit (E1980, Promega). The cell lysis (%) was
calculated using the formula, 1-(experimental signal/maximal signal) x
100%.

Cytokine secretion assay

The NSCLC cells (A549, H2170, and H460) were co-cultured with
CD147-CART cells or PBMCs in 96-well plate for 6 h according to
different E:T ratios. The supernatant was collected and analyzed using
AimPlex Human Th1,/Th2/Th17 7-Plex Kit (C191107, QuantoBio). All
samples were detected by FACS Aria instrument (BD Biosciences) and
data were analyzed with FCAP Array Software V3.0 (BD Biosciences).

Xenograft model for CD147-CART treatment

BALB/c nude mice (6-8 weeks, female) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd.. All procedures were
approved by the Animal Care and Use Committee of Fourth Military
Medical University. For CDX model, the mice (n = 15) were injected
subcutaneously with 2 x 10% A549-FFluc cells in 100 pl sterile PBS. After
two weeks, the mice were averagely divided into three groups according
to the tumor size. One group of mice received only 2 x 10® PBMCs
suspended in 50 pl PBS, one group with 2 x 10® CD147-CART cells
suspended in 50 pl PBS, those in the control group underwent the same
injection with 50 pl PBS simultaneously. The treatment was performed
by intratumoral injection twice a week for a total of four times. Mean-
while, mouse weight and tumor volume were measured every two days.
The tumor size was calculated as follows: tumor size (mm®) = (length x
width?)/2. At day 1, 8 and 13, each mouse was injected with 150 mg/kg
D-Luciferin potassium salt (ST196, Beyotime) intraperitoneally for
bioluminescence imaging (BMI). The images were recorded using a IVIS
Lumina II (PerkinElmer). After the end of the treatment, all the mice
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were sacrificed after anesthesia and tissues were used to perform he-
matoxylin & eosin (H&E), IHC staining and flow cytometry. For PDX
model, the mice were transplanted subcutaneously with NSCLC tumor
tissues obtained from BEIJING IDMO Co., Ltd.. At 42 days post-
inoculation, tumor-bearing mice were averagely divided into two
groups according to the tumor size, which were treated with 2 x 10°
PBMCs and 2 x 10° CD147-CART suspended in 50 pl PBS intratumorally
every three days for a total of three times. Mouse weight and tumor
volume were measured every two days. After the end of the treatment,
all the mice were sacrificed after anesthesia and tissues were used to
perform IHC staining.

H&E staining

The tissues of heart, liver, spleen, lung, kidney, and intestines were
fixed with 10% paraformal-dehyde, embedded in paraffin, and sectioned
at a thickness of 4 ym. After dewaxing, the sections were stained with
hematoxylin (G1140, Solarbio) and eosin (BA-4033, Baso).

Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.0
software. All data were presented as mean + SEM at least three inde-
pendent experiments. Significant difference was analyzed using un-
paired two-tailed Student’s t-test. OS was calculated using Kaplan-Meier
analysis and log-rank test. P < 0.05 was considered to denote statistical
significance.

Results
Tumor specific antigen CD147 plays a critical role in NSCLC progression

CD147 is reported to be an important tumor-associated antigen in
multiple tumors [33,34]. In order to further explore the role of CD147 in
NSCLC progression, the data of LUAD and LUSC obtained from TCGA
database was performed by bioinformatic analysis. Principal component
analysis (PCA) showed a separate trend in tumor samples from the high
and low CD147 groups in both LUAD and LUSC tissues (Fig. S1A, B). This
result indicated that there existed two different gene expression patterns
in the high and low CD147 samples, which was closely related to CD147
expression. In LUAD, a total of 3571 genes was identified as DEGs be-
tween the high and low CD147 groups, including 707 up-regulated
genes and 2864 down-regulated genes in high CD147 group (Fig. 1A);
in LUSC, 3250 genes were screened as DEGs, including 742 up-regulated
genes and 2508 down-regulated genes in high CD147 group (Fig. S1C).
Then, the top 50 DEGs were selected and exhibited in heat map (Figs. 1B,
S1D). GO enrichment analysis and KEGG pathway analysis revealed
these DEGs were mainly related to tumor immune response, tumor cell
proliferation, and tumor cell metabolism (Figs. 1C, D, S1E, F). TIMER is
a comprehensive online resource for systematic analysis of immune in-
filtrates across diverse cancer types using RNA-Seq expression profiling
data [29,30]. The infiltration of CD8+ T cells was assessed by TIMER on
NSCLC sample data and the results denoted that the infiltration of CD8+
T cells was negatively associated with CD147 expression in NSCLC
(Fig. 1E). GEPIA is a newly developed interactive web server for
analyzing RNA-Seq expression data of tumors and normal samples from
TCGA and GTEx projects, which provides differential expression anal-
ysis and patient survival analysis [27]. OS analysis from GEPIA showed
that high CD147 expression predicted a poor prognosis in NSCLC, which
is consistent with OS analysis of Kaplan Meier Plotter (Fig. 1F,G). To
further explore the role of CD147 expression in NSCLC, the relationship
between CD147 expression and clinical characteristics of NSCLC pa-
tients was investigated by Kaplan-Meier Plotter. The results revealed
that high CD147 expression was significantly related to poor OS in male,
female, smoking, no-smoking, stage 1, stage 2, ATCC stage T1, and AJCC
stage MO patients (Table 1).
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Fig. 1. The role of CD147 in LUAD was evaluated by bioinformatic analysis. A The volcano plot showed that 3571 DEGs between high CD147 samples and low
CD147 samples were identified in LUAD. B The heat map showed the top 50 DEGs between high CD147 samples and low CD147 samples in LUAD. C The top 50 DEGs
between high CD147 samples and low CD147 samples in LUAD were subjected to GO enrichment analysis according to biological process, cellular component, and
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The correlation of CD8+ T cell infiltration and CD147 expression in NSCLC was analyzed by TIMER. F OS rates of NSCLC patients with high and low CD147
expression levels were determined by GEPIA. G OS rates of NSCLC patients with high and low CD147 expression levels were determined by Kaplan Meier Plotter.
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Table 1
Correlation of CD147 mRNA expression and clinical prognosis in NSCLC for
different clinicopathological factors.

Clinicopathological Characteristic Overall survival

N Hazard ratio P

Gender

Male 1387 1.41 (1.2-1.65) 2.20E-05
Female 817 1.43(1.13-1.8) 0.0027
Smoking

Yes 970 1.34 (1.09 - 1.66) 0.0053

No 247 4.12(2.15-7.9) 3.70E-06
Grade

I 202 1.39 (0.97 - 2) 0.0693

I 310 1.01 (0.74 - 1.39) 0.9293

I 77 1.3 (0.67 - 2.51) 0.4336
Stage

1 652 2.22(1.68 - 2.93) 9.10E-09

2 320 1.95(1.35- 2.83) 0.0004

3 70 0.89 (0.51 - 1.56) 0.6858

4 4 - -
AJCC Stage T

1 475 1.36 (1.02 - 1.81) 0.034

2 686 1.08 (0.86 - 1.35) 0.5026

3 99 1.37 (0.83 - 2.27) 0.22

4 48 0.87 (0.46 - 1.63) 0.6557
AJCC Stage N

0 863 1.23(1-1.52) 0.0551

1 296 1.13 (0.83-1.55) 0.4387

2 113 0.81 (0.54 - 1.21) 0.2971
AJCC Stage M

0 818 1.24 (1-1.52) 0.0463

1 10 - -

To verify the data from the bioinformatics analysis, the expression of
CD147 in NSCLC cell lines was detected by western blotting and flow
cytometry (Figs. 2A, B, S2A). IHC analysis was also performed to detect
CD147 expression in NSCLC tissues and their tumor-adjacent tissues, the
expression level of CD147 was classified with “~’, “+°°) “4++" and
“++4+" in terms of the staining intensity and density of each sample
(Fig. 2C). The “~” and “+°’ levels were defined as low CD147, and ‘++"’
and “+++"" levels were defined as high CD147. The results showed that
CD147 was highly expressed in tumor tissues compared with the tumor-
adjacent tissues (Fig. 2D, E). Kaplan-Meier analysis illustrated that high
CD147 expression was significantly associated with poor OS in NSCLC
(P = 0.0281) and LUAD (P = 0.0139), while no significant difference
was observed in LUSC (P = 0.7415) (Fig. 2F-H), which further verified
the result of bioinformatic analysis. Therefore, our findings indicate that
CD147, a specific tumor antigen, exhibits an essential role in NSCLC
progression and is a promising target for CART therapy in NSCLC.

Generation and phenotype of CD147-CART cells

To redirect human T cells to CD147 in NSCLC, we constructed a
second generation CD147-CAR lentiviral vector containing anti-CD147
scFv, CD8 hinge, 4-1BB costimulatory domain, and CD3({ signaling
domain (Fig. 3A). PBMCs from healthy donor were activated with anti-
CD3 antibody and anti-CD28 antibody for 48 h before transfection with
CD147-CAR lentiviral. CART subtypes and transfection efficiency were
detected after 5 days by flow cytometry. The results showed that more
than 95% of cells were CD3-positive, and more than 35% was CD8-
positive (Fig. 3B). The transfection efficiency of CD147-CART cells
were highly up to 77% (Fig. 3C). Meanwhile, we examined the pheno-
type of CD147-CART cells including the activation markers CD25 and
CD69, degranulation marker CD107a, and exhaustion markers PD-1 by
flow cytometry. Compared with the control, the significant upregulation
of CD25 and CD69 was observed in CD147-CART group (Fig. 3D, F), and
CD107a and PD-1 expression showed no significant difference in the two
groups (Fig. 3E, F). Our findings manifest that CD147-CART cells are
successfully constructed, which can be used for further study.
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CD147-CART cells specifically kill NSCLC cells in vitro

To evaluate CD147-CART cytotoxicity, the NSCLC cell lines were co-
cultured with CD147-CART cells, Mock-T cells or PBMCs in 96-well plate
for 6 h according to different E:T ratios. Obvious anti-tumor activities
were observed under an inverted microscope, tumor cells were sur-
rounded with more CD147-CART cells compared with PBMCs group,
which generated more cell masses (Fig. 4A, B). Consistently, LDH release
assays revealed that CD147-CART cells mediated stronger anti-tumor
activity than PBMCs against tumor cells, the percentage of A549 cell
lysis is approximately 60% at E:T ratio of 8:1; the percentage of H460
cell lysis is approximately 90% at E:T ratio of 8:1; and the percentage of
H2170 cell lysis is approximately 100% at E:T ratio of 20:1 (Fig. 4C). In
addition, the PBMC and Mock-T cell groups showed no significant dif-
ference in anti-tumor activity (Fig. S3A). The CART cytotoxicity was also
evaluated by firefly luciferase reporter system assay. The cell lines A549-
FFLuc and H460-FFLuc were co-cultured with CD147-CART cells or
PBMCs in 96-well plate at the indicated E:T ratios for 6 h. The result of
microscopic observations was consistent with the former result in LDH
release assay (Fig. S3B, C). FFluc reporter system assay demonstrated
that the anti-tumor activity of CD147-CART cells was significantly
higher than that of PBMCs, even at E:T ratio of 1:1 (Fig. S3C). Mean-
while, the co-culture supernatant was collected to detect cytokine
secreted by CD147-CART cells against tumor cells. Flow cytometry re-
sults suggested that CD147-CART secreted more cytokines in the killing
tumor cells A549 (Fig. 4D), H460 (Fig. 4E), and H2170 (Fig. 4F)
compared with PBMCs, including IL-2, IL-4, IL-6, TNF-a and IFN-y. In
addition, IL-17A and IL-10 secretion were higher in CD147-CART group
in some cases (Fig. 4D-F). In short, our findings show that CD147-CART
has robust cytotoxicity and cytokine production, suggesting a strong
anti-tumor activity against NSCLC tumor cells.

CD147-CART cells show potent anti-tumor activity against NSCLC in
xenograft mouse models in vivo

Our in vitro experiments showed a strong anti-tumor activity of
CD147-CART cells against NSCLC tumor cells. To further investigate the
efficacy of CD147-CART cells against NSCLC in vivo, the BALB/c nude
mice were used to construct the CDX and PDX models. For CDX model,
the mice were injected subcutaneously with 2 x 10% A549-FFluc cells in
100 pl sterile PBS. After two weeks, the mice were averagely divided into
three groups according to the tumor size. One group of mice received
only 2 x 10° PBMCs suspended in 50 pl PBS, one group with 2 x 108
CD147-CART cells suspended in 50 pl PBS, those in the control group
underwent the same injection with 50 pl PBS simultaneously. The
treatment was performed by intratumoral injection twice a week for a
total of four times (Fig. 5A). BMI revealed that CD147-CART adminis-
tration inhibited tumor growth (Fig. 5B). The tumor volume curve
illustrated that the difference of tumor volume in three groups began to
expand gradually on day 5, and the tumor volume of CD147-CART
group appeared more significant decrease than that of other groups on
day 11 and day 13 (Fig. 5C). The mouse weight of all groups have been
on rise, especially in CD147-CART group (Fig. 5D), which indicated that
CD147-CART helped to improve the health status of mice. The final
results of tumor morphology, tumor weight and tumor volume
confirmed that CD147-CART cells obviously inhibited tumor growth
(Fig. 5E-G). TUNEL assay showed that tumor tissues in CD147-CART
group presented larger areas of cell apoptosis than that in other
groups (Fig. 6A). Ki67 was stained to evaluate the proliferation of tumor
cells, which manifested that CD147-CART treatment significantly
inhibited cell proliferation compared with PBS and PBMC groups
(Fig. 6B, C). Moreover, CD147-CART group have more CD3+ T cells and
CD8+ T cells than PBMC group (Fig. 6D, E). Tumor infiltrating CD8+ T
cells released a large number of cytokines, including IL-2, TNF-a, and
IFN-y (Fig. 6F). H&E analysis revealed that no pathologic change was
observed in heart, liver, spleen, lung, kidney, and intestines in CD147-
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CART groups, which is consistent with the results of PBS and PBMC
groups (Fig. 6G). Collectively, our data demonstrate that CD147-CART
cells have strong anti-tumor activity against NSCLC cells in vivo and
no adverse side effects.

Considering the limitations of CDX model, PDX model was con-
structed to mimic tumor environment and preserve patient character-
istic, including heredity, histology, and phenotype. The mice were

transplanted with CD147-positive NSCLC tumor tissues, which was
identified by IHC staining (Fig. S2B). At 42 days post-inoculation,
tumor-bearing mice were averagely divided into two groups according
to the tumor size, which were treated with 2 x 10° PBMCs and 2 x 10°
CD147-CART suspended in 50 pl PBS intratumorally every three days for
a total of three times (Fig. 7A). Under the treatment of CD147-CART
cells, tumor volume decreased gradually, which significantly lower
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than that in PBMC group on day 10 (Fig. 7B). There was no significant
difference in body weight between the two groups (Fig. 7C). At the end
of the treatment, all the mice were sacrificed after anesthesia (Fig. 7D)
and the tumor masses were removed from the mice (Fig. 7E). The tumor
weight was lower in the CD147-CART group than in PBMC group
(Fig. 7F). The consistent result was also obtained in tumor volume be-
tween the two groups (Fig. 7G). In the meanwhile, TUNEL assay showed
that tumor tissues in CD147-CART group existed massive apoptosis
compared with PBMC group (Fig. 7H). Ki67 staining indicated that
CD147-CART treatment significantly inhibited cell proliferation (Fig. 71,
J). Moreover, there were more CD3+ and CD8+ T cell infiltration in
CD147-CART group than in PBMC group (Fig. 7K, L), which is consistent
with the results of CDX model. Together, our findings determine that
CD147-CART immunotherapy is effective and safe in CDX and PDX
models, which is an ideal and promising medical patch for treating
NSCLC.

Discussion

Although many studies on the treatment of NSCLC with CART have
been reported, there is still no clinical application of CART drugs for
NSCLC treatment until now. The main obstacle of CART immunotherapy
for NSCLC is absence of a specific target, like CD19 is overexpressed by
the vast majority of B-cell malignancies [35,36]. Therefore, a specific
target is particularly important for CART immunotherapy.

Accumulating evidence has verified that CD147 plays a crucial role
in tumor progression and prognosis [33,34]. In our study, CD147 is
proved to be a potential target, which is highly expressed in NSCLC and
almost not expressed in tumor-adjacent tissues. Meanwhile, high CD147
expression is closely associated with poor OS in NSCLC patients. Our
previous study shows that anti-CD147 antibody, metuzumab, has
prominent antibody-dependent cellular cytotoxicity and inhibits tumor
growth without adverse effects [26,37]. An advanced clinical trial
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reports that *'Iodine (**'I) metuximab injection targeting CD147 ex-
hibits a good therapeutic effect in the treatment of hepatocellular car-
cinoma [25,38]. These studies further suggest that CD147 is a promising
tumor antigen, which can be used as a potential target for CART
immunotherapy in NSCLC.

Traditional antibody drugs for NSCLC exist a longer half-life, and
drug effect lasts several weeks, such as nivolumab, bevacizumab, ate-
zolizumab, compared with that of small molecule drugs [4,39,40].
However, CART cells have obvious advantage in maintaining long-term
effective treatment owing to rapid proliferation and differentiate into

memory T cells [10,41]. A clinical study shows that CART targeting
B-cell maturation antigen for the treatment of multiple myeloma
maintains up to 1 year in patients after the infusion [42]. Our animal
study demonstrates that CD3+ and CD8+ human T cells still exist in the
tumor tissues at the end of the treatment, which is consistent with the
result of previous clinical researches.

CART immunotherapy is one of the adoptive cell transfer therapies.
Compared with tumor infiltrating lymphocytes, T cell receptor cells and
cytokine-induced killer, the most major advantage of CART cells is free
from MHC restrictions [43]. CART cells do not need the expression and
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identity of MHC, and its extracellular scFv fragment directly binds target
antigen to kill tumor cells [13,44,45]. Therefore, CART cells effectively
avoid the immune escape caused by down-regulation or loss of MHC
molecules. In our study, in vivo and in vitro experiments confirmed that
CD147-CART cells kill tumor cells more effectively compared with
PBMC group, which exhibits a strong anti-tumor activity and cytokine
production.

In clinical practice, avoiding adverse CRS is also an essential factor of
CART therapy. Compared with intravenous administration, intra-
tumoral treatment is a safe strategy, which not only avoids severe CRS,
but also contributes to the infiltration of CART cells into tumor tissues.
Previous study demonstrates that B7-H3.BB.z-CAR cells administered
intratumorally mediate potent antitumor effects against cerebral ATRT
xenografts in mice, with faster kinetics, greater potency and reduced
systemic levels of inflammatory cytokines compared to CART cells
administered intravenously [46]. A clinical trial also shows that intra-
tumoral injections of mRNA c-Met-CART cells are well tolerated and
evoke an inflammatory response within tumors [47]. In our study,
intratumoral administration for CD147-CART cells was conducted in
tumor-bearing mice, which showed an effective anti-tumor activity and
no adverse side effects. These results tentatively suggest that, intra-
tumoral administration for CD147-CART cells is safe and considerable to
treat NSCLC, which can avoid the toxic or side effects on other
CD147-positive normal tissues, including gastrointestinal tract, kidneys,
and genitals. However, the humanized CD147 mouse is still needed to
further evaluate the safety of CD147-CART in NSCLC treatment,
including adverse CRS and organ lesion.

Although CD147-CART cells show a better therapeutic effect against
NSCLC, there are still a few issues we need to address. In our study, we
failed to provide survival data for the mice and the number of PDX
models was small due to the tumorigenicity and homogeneity of the
tumor. Moreover, the side effects of CD147-CART cells were not thor-
oughly evaluated, including serum cytokines, neurotoxicity, and
reproductive toxicity. Meanwhile, we need to enhance the proliferation
and persistence of CART cells, which is vital of durable remission and
preventing recurrence in NSCLC. Embedding cytokine domain and co-
stimulatory domain into CAR structure not only enhances CART cell
proliferation, but also promotes CART cells to differentiate into memory
T cells [48-54], which will improve the therapeutic effect of CART cells.
In addition, remodeling the tumor microenvironment is also crucial to
the therapeutic effect of CART cells. The combination of CART cells and
PD-1 inhibitor or CTLA-4 inhibitor is a good strategy to prevent
immunosuppression, which enables CART cells to maximize their killing
effect [55-57].

Conclusions

In summary, CD147 is proved to be a specific tumor antigen of
NSCLC, and we construct CART cells targeting CD147 to treat NSCLC.
Our data demonstrate that CD147-CART cells have a strong anti-tumor
activity against NSCLC in vitro and in vivo. These results indicate that
CD147-CART immunotherapy is a safe and efficient strategy for NSCLC,
which provides a theoretical basis for the clinical treatment of NSCLC
with CD147-CART cells.
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