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Abstract
CD133 + cancer stem cells mediate chemoresistance in multiple aggressive cancers, and anti-CD133 chimeric antigen recep-
tor T (CAR-T) cells are designed to selectively target cisplatin-resistant gastric cancer stem cells in this investigation. The 
relative CD133 expression was detected in gastric cancer patients before and after cisplatin treatment. Anti-CD133 CAR-T 
cells were incubated with cisplatin-exposed CD133+ BGC-823 cells to evaluate the killing efficacy. At the same time, the 
canonical T cell activation markers were assayed by fluorescence-activated cell sorting, and the functional cytokine profile 
was detected with enzyme-linked immunosorbent assays. In addition to the percentage of CD133 positive stem cell-like 
cells, the volume and weight of subcutaneous tumors in BGC-823, KATO III and MKN-28 xenograft models were measured 
to evaluate the anti-tumor activity of cisplatin and anti-CD133 CAR-T combination strategy. After cisplatin treatment, both 
human samples and BGC-823 cells showed up-regulated CD133 expression. Anti-CD133 CAR-T cells exhibited pronounced 
killing efficiency against cisplatin-exposed CD133+ BGC-823 cells with up-regulated activation markers and cytotoxicity 
cytokine production. Moreover, cisplatin and anti-CD133 CAR-T combination treatment inhibited tumor progression in 
three different xenograft models with diminished CD133 positive stem cell-like cell infiltration. These results indicate that 
cisplatin and anti-CD133 CAR-T combination strategy can simultaneously target normal and stem cell-like gastric cancer 
cells to improve the treatment outcome.
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Introduction

Cisplatin is the first-line chemotherapeutic drug against 
gastric cancer, especially for patients in the advanced 
stage. However, cisplatin resistance and reduced response 
rate often limit the clinical utilization of cisplatin and may 
lead to the relapse and metastasis of gastric cancer [1, 2]. 

Although cisplatin resistance has been attributed to hetero-
geneous molecular pathogenesis, metabolic modification, 
drug efflux and dysregulated DNA repair, no effective treat-
ment modality can be introduced to the clinical practice [3].

Recent research indicates that most chemotherapy can 
only diminish the primary tumor load, for cancer stem cells 
possess intrinsic mechanisms to resist chemotherapy, and 
the resting cancer stem cells are responsible for tumor initia-
tion, recurrence and metastasis [4–7]. CD133 positive cells 
are reported with tumor-initiating or stem cell properties 
in brain, colon, lung, liver, pancreatic and prostate cancers 
[8–10]. Thus, CD133 is utilized to as a marker for cancer 
stem cells in these tumors. Although the accuracy of CD133 
as a biomarker for gastric cancer stem cells is highly con-
troversial, several groups have reported that CD133 positive 
gastric cancer stem cell-like cells can mediate the cisplatin 
resistance in gastric cancer [11, 12]. These studies indicate 
that the CD133 target strategy may greatly benefit the clini-
cal treatment outcome.
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Chimeric antigen receptor T cells (CAR-T) are geneti-
cally edited to construct the artificial T-cell receptor for 
antigen-specific target in immunotherapy [13], which has 
been shown to be successful in hematologic tumors. Along 
with the presence of CD133 positive gastric cancer stem 
cell-like cells, a growing number of studies indicate that 
CD133 expression is negatively correlated with the overall 
survival and prognosis of gastric cancer patients [12, 14, 15], 
suggesting a promising strategy using anti-CD133 CAR-T 
treatment against gastric cancer.

In clinical practice, both the alleviation of tumor load 
with surgery and/or chemical therapy, as well as the inhi-
bition of tumor invasion and metastasis, are urgent. Thus, 
cisplatin and anti-CD133 CAR-T combination strategy is 
chosen in this study to address the possibility and efficiency 
of improving gastric cancer prognosis. To our surprise, cis-
platin treatment increased the proportion of CD133 positive 
stem cell-like cancer cells, which could be repressed by cis-
platin and anti-CD133 CAR-T combination strategy hence 
showing improved prognosis. All of these results supported 
the promising treatment strategy to combine cisplatin with 
anti-CD133 CAR-T cells.

Methods and materials

Patients

The three patients who received FP treatment (1, 5-FU 
500 mg/m2 IV continuous infusion over 24 h on day 1–5, 
cisplatin 75 mg/m2 IV on day 1–5, cycled every 14 days) 
but did not respond to this therapeutic regimen were selected 
in this investigation. The pre-and post-treatment specimens 
were both endoscopic biopsy samples, which were collected 
before and 14 days after the first treatment. Antigen retrieval 
was performed by microwave-heating and labeling with 
primary anti-CD133 antibody (ab19898, 1:100; Santa Cruz 
Biotechnology Inc., Santa Cruz, CA). All the experiments 
were approved by the Ethics Committee of Fudan Univer-
sity, and written consents were acquired.

CAR‑T cell construction

The humanized anti-CD133 single-chain variable frag-
ment (scFv) was selected against recombinant CD133 via 
phage display from the Tomlinson I and J libraries, as 
previous report indicated [16]. The chosen anti-CD133 
scFv sequence was synthesized and purified by Chinese 
Peptide Company (Hangzhou, China), and then cloned into 
a lentiviral vector containing the CD28 transmembrane 
region, CD28 cytoplasmic region, and D10 intracellular 
domains. Packaged with psPAX2 and pMD2g, an anti-
CD133 plasmid was co-transfected into 293 T cells with 

polyethyleneimine (Sigma-Aldrich, St Louis, MO, USA). 
The cellular supernatant was collected 72-h post-transfec-
tion and filtered with 0.45 μm filters.

PBMCs were extracted from the whole blood obtained 
from healthy volunteers with Ficoll-Paque PLUS (GE 
Healthcare Life Sciences). The Pan-T Isolation Kit (Milte-
nyi Biotec, Germany) was used to isolate T cells from 
PBMCs. The enriched T cells were stimulated with CD3/
CD28/CD2-coated microbeads (Miltenyi Biotec, Ger-
many) at a 1:1:1 ratio for 48 h, which were transfected 
with lentivirus particles collected in the supernatant for 
6–8 h and maintained in RPMI-1640 medium (10% fetal 
bovine serum, 300 IU/ml interleukin-2).

Flow cytometry

The cells cultured in six-well plates or the tumor cells dis-
sociated with gentle MACS (1 × 106) were harvested and 
suspended with 100 μl phosphate-buffered saline (PBS), 
and then incubated with labeled primary antibodies at 
4 °C for 30 min and analyzed with NovoCyteTM (ACEA 
Biosciences). The data were analyzed with FlowJo soft-
ware (FlowJo, LLC, Ashland, OR, USA). The antibodies 
utilized in this study included anti-human CD133-APC 
antibody (ab253259, Santa Cruz Biotechnology, clone 
293C3), anti-human CCR7-FITC antibody (Biolegend, 
clone 3D12), anti-human CD62L-PE-Cy7 antibody (Bio-
legend, clone DREG-56), anti-human CD45RA-BV510 
antibody (Biolegend, clone HI100), anti-human CD45RO-
PE-Cy7 antibody (Biolegend, clone UCHL1), anti-human 
CD27-BV650 antibody (Biolegend, clone M-T271), anti-
human CD69-APC antibody (Biolegend, clone FN50), 
and anti-human CD3-BV510 antibody (Biolegend, clone 
UCHT1).

Cytotoxicity assays

BGC-823, MKN-28 and KATO III cell lines were obtained 
from the Institute of Biochemistry and Cell Biology (Shang-
hai, China). A lentivirus vector expressing green fluorescent 
protein-luciferase (GL) was transduced into the BGC-823 
cell line to generate GL-labeled cells. The cytotoxicity activ-
ity of anti-CD133 CAR-T cells against GL-labeled BGC-
823 cells and cisplatin-exposed CD133+ GL-labeled BGC-
823 cells at the indicated effector-to-target (E-T) ratios was 
evaluated after 24-h incubation. Then, 100 μl D-luciferin 
(100 μg/ml) was added to the triplicate wells of 96-well 
plates. The fluorescence was measured with SpectraMax® 
M5 Multi-Mode Microplate Reader. The percent viability 
(%) was calculated as experimental signal/maximal sig-
nal × 100, and the percent lysis was equal to 100% viability.
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Cytokine release assays

The concentration of interferon (IFN)-γ, IL-2, tumor necrosis 
factor (TNF)-α, and granulocyte–macrophage colony-stim-
ulating factor (GM-CSF) in the supernatants of anti-CD133 
CAR-T cells after coculture with normal and CD133 + BGC-
823 cells overnight (at an E-T ratio of 1:1) were assayed with 
enzyme-linked immunosorbent assay (ELISA) kits ordered 
from eBioscience (R&D Systems, Minneapolis, MN), and all 
the operation followed the protocol suggested by the manu-
facturer. A SpectraMax M5 microplate reader (Molecular 
Devices) was utilized to read the signal at the wavelength of 
450 nm.

Western blot

Cellular lysate (30 µg) was separated with 12% sodium dode-
cyl sulfate–polyacrylamide gel and transferred to polyvi-
nylidene fluoride membranes, which was further incubated 
with anti-CD133 antibody (ab19898, 1:1000; Santa Cruz 
Biotechnology Inc., Santa Cruz, CA) at 4 °C overnight. Perox-
idase-conjugated secondary antibody (Sigma-Aldrich, 1:1000 
dilution) and ECL system (GE Healthcare Life Sciences) were 
utilized to develop the signal. The relative intensity of CD133 
was normalized to β-actin.

Fig. 1   Cisplatin treatment induces enrichment of stem cell-like gas-
tric cancer cells. a Immunohistochemical staining for CD133 in 
three primary gastric cancer (GC) samples before and post-cisplatin 
treatment. Scale bar = 100 μm. b Detection of CD133 expression in 
three human GC samples via western blot. c Detection of CD133 
expression in cisplatin-exposed human BGC-823 cell line. BGC-823 
was treated with 7.5 μM cisplatin (the value of IC50) for 48 h, and 
then the mRNA and protein levels of CD133 were assessed by west-
ern blot. d Percentages of CD133 positive cells post-cisplatin treat-

ment. BGC-823 cells were treated as indicated above and collected 
for CD133 antibody staining. The percentage of CD133 positive cells 
were examined by flow cytometry. f CD133 level in apoptotic and 
living BGC-823 cells post-cisplatin treatment. BGC-823 was treated 
with 7.5 μM cisplatin (the value of IC50) for 48 h, then stained with 
Annexin-V-FITC, propidium iodide, and anti-CD133 antibody. Data 
represent means ± SD. n = 3 samples. ***p < 0.001, versus PBS con-
trol group. A two-way ANOVA analysis with Tukey’s post hoc test 
was performed to evaluate the statistical significance
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Cell‑derived xenograft models for CAR‑T cells 
treatment

NOD-SCID-IL2Rg−/− (NSI) mice (6 weeks old) were ordered 
from Beijing Vitalstar Biotechnology Co., Ltd. BGC-823, 
KATO III, and MKN-28 tumor cells (1 × 106,150 μl) were 
subcutaneously injected into the left flanks to establish xeno-
graft models. When the tumor nodules were larger than 50 
mm3, the mice were treated with cisplatin (every three days, 
2.5 mg/kg, intravenous injection), while 2.5 × 106 anti-CD133 
CAR-T cells were further intravenously injected on day 3 and 
day 12. Tumor volume and weight were measured every 3 days 
for a total of 21 days. All the operation performed on the ani-
mal was approved by the Institutional Animal Care and Use 
Committee.

Statistics

Student’s t test, one- or two-way ANOVA analysis with a 
Tukey’s post hoc test was performed to evaluate the statistical 
significance. The level of significance was set to p < 0.05.

Results

Cisplatin treatment induces CD133 expression 
both on gastric cancer patients and gastric cancer 
cell lines

Although the three gastric cancer samples showed hetero-
geneity in the proportion of CD133 positive stem cell-like 

Fig. 2   Generation of anti-CD133 CAR-T cells. a The discrete CAR 
units of anti-CD133 CAR-T cells. b Representative plot of flow 
cytometry detection of transfected T cells. c The rate of anti-CD133 

CAR-T cells proliferation within 10 days. d T cell activation markers, 
such as CCR7, CD62L, CD45RA, and CD45RO, were detected with 
flow cytometry
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cells, cisplatin treatment could up-regulate the relative frac-
tion and expression as detected with immunohistochemis-
try (Fig. 1a) and Western blot (Fig. 1b). Cisplatin-exposed 
BGC-823 cells showed up-regulated CD133 expression 
both in mRNA and protein levels, as detected with PCR and 
Western blot (Fig. 1c), respectively, and increased CD133 
positive stem cell-like cancer cell proportion was assayed 
by flow cytometry (Fig. 1d). Furthermore, the expression 
of CD133 in the cisplatin-exposed non-apoptotic BGC-823 
cells was significantly higher than that in apoptotic cells 
(Fig. 1e). These results indicated that cisplatin treatment 
could increase the proportion of CD133 positive tumor 
stem cell-like cancer cells, which might escape from cispl-
atin treatment.

Generation and characterization of anti‑CD133 
CAR‑T cells

The third-generation CAR-T cells were constructed with the 
humanized scFv fragment and lentivirus vector composing a 
CD3ζ intracellular domain and CD28 and D10 costimulatory 
domains (Fig. 2a). Flow cytometry confirmed the successful 
transduction (with 90% efficiency) (Fig. 2b), which did not 
affect the proliferation of the transduced cells, as shown in 
Fig. 2c. A high ratio of CD45RO+CCR7+CD62Lhigh anti-
CD133 CAR-T cells was generated (12.7%, Fig. 2d), and 
such phenotype was reported to have sustainable anti-tumor 
potential in vivo.

Fig. 3   Anti-CD133 CAR-T cells exhibit dramatic antitumor efficacy 
ex vivo. a BGC-823 cells were treated with cisplatin for 48 h, and the 
CD133+ cells were isolated via flow cytometry and then incubated 
with anti-CD133 CAR-T cells at the indicated effector-to-target ratios. 
Cytotoxicity assays evaluated the cytotoxicity of T cells. The concen-
trations of IL-2 b, IFN-γ c, GM-CSF d, and TNFα e released by anti-
CD133 CAR-T cells after coculture with normal and CD133+ BGC-

823 cells overnight at an E/T ratio of 1:1 were shown. Data represent 
means ± SD. n = 3 samples. ***p < 0.001. f, g Canonical T cell mark-
ers were detected by flow cytometry at a recommended E: T ratio of 
1:1 after coculturing anti-CD133 CAR-T cells with target cells. A 
two-way ANOVA analysis with Tukey’s post hoc test was performed 
to evaluate the statistical significance
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Anti‑CD133 CAR‑T cells exhibit increased 
cytotoxicity against GC cell lines

GL-labeled BGC-823 cells were treated with cisplatin for 
48 h, and then cisplatin-exposed CD133+ BGC-823 cells 
were sorted by flow cytometry, which was further incu-
bated with anti-CD133 CAR-T cells at different E-T ratios 
indicated. The results showed that anti-CD133 CAR-T cells 
exhibited dramatically increased cytotoxicity (up to 90%) 
when incubated with cisplatin-exposed CD133+ BGC-
823 cells, as compared with the normal BGC-823 cells 
(Fig. 3a) with up-regulated secretion of IL-2 (Fig. 3b), IFN-γ 
(Fig. 3c), GM-CSF (Fig. 3d) and TNF-α (Fig. 3e). The above 
results indicated that anti-CD133 CAR-T cells exhibited 
the antigen-specific killing effect as expected. Flow cytom-
etry analysis also indicated that anti-CD133 CAR-T cells 
showed memory phenotype characterized by up-regulated 
CD69 (Fig. 3f), down-regulated CD62L (Fig. 3g), and up-
regulated CD27 expression (Fig. 3h) when incubated with 
cisplatin-exposed CD133+ BGC-823 cells, as compared with 
the normal BGC-823 cells at a 1:1 ratio (Fig. 3f–h). It was 
worth noting that as a homing receptor, CD62L was highly 
expressed in central memory T lymphocytes but was not 
found in effector memory T lymphocytes. Collectively, these 
experiments indicated that anti-CD133 CAR-T cells showed 
effective memory phenotype and robust cytotoxicity by pro-
ducing traditional cytotoxic cytokines.

Cisplatin and anti‑CD133 CAR‑T cells combination 
shows pronounced anti‑tumor activity

The combined therapeutic effect of cisplatin and anti-CD133 
CAR-T cells in vivo was investigated by establishing subcuta-
neous gastric cancer xenograft models, and the treatment strat-
egy is shown in Fig. 4a. Compared with the control group, the 

anti-CD133 CAR-T group or cisplatin treatment group showed 
significant anti-tumor efficacy as indicated by decreased tumor 
volume (Fig. 4b) and weight (Fig. 4c). It was worth noting 
that the cisplatin and anti-CD133 CAR-T combination group 
showed more significant anti-tumor efficacy than the single 
treatment strategy. There was no significant change in the pro-
portion of anti-CD131 CAR-T cells in the peripheral blood 
(Fig. 4d and e) or tumor (Fig. 4f) when co-administrated with 
cisplatin, which indicated that anti-CD133 CAR-T cells could 
tolerate the dose of cisplatin utilized, and observed beneficial 
treatment outcome could be attributed to the combination of 
cisplatin and anti-CD133 CAR-T cells. It was further revealed 
that cisplatin treatment could up-regulate the expression of 
CD133 (Fig. 4g) and the percentage of CD133 positive stem 
cell-like cancer cells in the tumor (Fig. 4h and i), which indi-
cated that CD133 positive cells could tolerant the traditional 
chemotherapy and became enriched. In terms of CD133 
positive cells, both anti-CD131 CAR-T cell treatment and the 
combination treatment could reduce the relative expression of 
CD133 (Fig. 4g) and the percentage of CD133 positive cells 
in the tumor (Fig. 4h and i).

Then, to further validate the generality of results, the 
KATO III and MKN-28 xenograft models were established, 
and the same treatment strategy was applied (Fig.  5a). 
Robust anti-neoplastic capacity was observed when anti-
CD133 CAR-T cells intravenously deliver into KATO III 
(Fig. 5b) and MKN-28 xenograft mice (Fig. 5c), when com-
pared with the control group and cisplatin treatment group. 
As expected, the beneficial treatment outcome could be 
achieved by the combination treatment of cisplatin and anti-
CD133 CAR-T cells. In summary, our data demonstrated 
the remarkable anti-tumor efficacy of the cisplatin and anti-
CD133 CAR-T cell combination treatment in vivo.

Discussion

As the major chemotherapeutic drug utilized in gastric can-
cer, cisplatin could cross-link the DNA fragments, induce 
DNA damage, and trigger apoptosis to reduce cancer load 
and eliminate the rapidly proliferating cells [17, 18]. How-
ever, tumor stem cells can escape such elimination, propa-
gate after chemotherapy and subsequently give rise to the 
neogenetic tumor [19, 20]. Furthermore, in lung adenocar-
cinoma, cisplatin treatment could significantly promote the 
enrichment of CD133 positive cells through the Notch sign-
aling pathway, which can further acquire resistance to doxo-
rubicin and paclitaxel treatment by expressing ABCB1 and 
ABCG2 [21]. These reports indicate that cancer stem cells 
may mediate the chemoresistance to cisplatin and contribute 
to the recurrence and metastasis of tumors.

The universality of CD133 as a gastric cancer stem cell 
biomarker still needs further investigation [14, 22–24]. Recent 

Fig. 4   Anti-CD133 CAR-T cells and cisplatin efficiently reduce 
tumor progression in BGC-823 xenograft models. a Schematic rep-
resentation of the treatment strategy. The subcutaneous BGC-823 
tumor model was established by injecting 1*106 BGC-823 cells into 
the right flank, and the antitumor study started when tumor volume 
reached about 50 mm3, five mice per group. b Tumor growth curve. 
Data represent means ± SD. n = 5 mice. **p < 0.01, ***p < 0.001. c 
Tumor weight was assayed. Mice were sacrificed at the 22-day post 
the first treatment, and tumor tissues were collected and weighted. 
Data represent means ± SD. n = 5 samples. ***p < 0.001. Representa-
tive FACS plots d and the percentage of T cells in the peripheral 
blood e in different groups at the end of the antitumor study. Data 
represent means ± SD. n = 5 samples. ***p < 0.001. f Percentage of T 
cells in the tumor tissues in different groups at the end of the antitu-
mor study. Data represent means ± SD. n = 5 samples. ***p < 0.001. 
g The protein level of CD133 in the tumor tissues receiving differ-
ent treatments. Representative FACS plots h and percentages of 
CD133 positive cells in tumor tissues i in different groups at the end 
of the antitumor study. Data represent means ± SD. n = 5 samples. 
***p < 0.001

◂
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research has indicated that CD133 positive cancer stem cells 
contribute to cisplatin resistance in gastric cancer [11]. The 
cellular source (de novo or re-distribution) of increased 
CD133 positive stem cell-like cells is not directly investigated 
in this study. Our results confirm that cisplatin treatment could 
significantly increase the relative CD133 mRNA expression 
in BGC-823. Therefore, we speculate that cisplatin treatment 
could induce de novo CD133 expression in cancer cells or 
selective enrichment of pre-existing CD133 + cells as previ-
ously reported [21, 25]. We have further verified that cisplatin 
and CAR-T combination treatment could decrease the volume 
and weight of BGC-823, KATO III and MKN-28 xenograft 
tumors with reduced infiltration of CD133 positive cancer 
stem cells. In terms of anti-CD133 CAR-T cells, up-regulated 
activation markers, such as CD69 and CD27, and abundantly 
secreted cytokines critical for T cell immunity upon coculture 
with BGC-823 cells were observed. These data suggest the 
feasibility of cisplatin and CAR-T cell combination treatment 
to treat advanced gastric cancer.

In this investigation, anti-CD133 CAR-T cells remain 
cytotoxic and active when combined with cisplatin. The 
sequential treatment strategy using cisplatin to shrink tumor 
mass and CAR-T cells to eliminate the CD133 positive can-
cer stem cell-like cells has led to the most potent inhibit-
ing or killing effect in this study. Whether concomitantly 
administrating anti-CD133 CAR-T cells and cisplatin can 
yield better treatment outcome is still worthy of clinical 

investigation. A previous study has indicated that cisplatin 
could up-regulate the expression of NKG2D ligand in gas-
tric cancer cells, which may make the gastric cancer cells 
more susceptible to NKG2D-CAR-T mediated cytotoxicity 
[26]. The precise mechanism for cisplatin to induce the up-
regulated expression of CD133 needs further analysis.

There are also some limitations that should be indicated. 
The underlying mechanism leading to the increased pro-
portion of CD133 positive cancer stem cell-like cells needs 
further detailed analysis. Only the cellular killing effect 
of cisplatin and CAR-T cell sequential treatment strategy 
was investigated in this study, and long-term observation 
is needed to investigate whether the cisplatin-resistant and 
or CD133-negative tumor cells could lead to invasion and 
metastasis of gastric cancer.

Our data collectively indicate that cisplatin treatment can 
enrich CD133 positive tumor stem cell-like cells, which could 
be attenuated by cisplatin and CAR-T cell sequential treatment 
strategy to improve the prognosis of gastric cancers.

Conclusion

In summary, our findings indicate that anti-CD133 CAR-T 
cells can selectively target cisplatin-induced CD133 posi-
tive tumor stem cell-like cells both in vitro and in vivo, 

Fig. 5   Anti-CD133 CAR-T cells 
and cisplatin efficiently reduce 
tumor progression in KATO III 
and MKN-28 xenograft models. 
a Schematic representation of 
the time course of the experi-
ment. Tumor volume of KATO 
III b and MKN-28 c subcuta-
neously injected mice. Data 
represent means ± SD. n = 5 
mice. ***p < 0.001. A two-way 
ANOVA analysis with Tukey’s 
post hoc test was performed to 
evaluate the statistical signifi-
cance
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suggesting a promising cisplatin and CART sequential treat-
ment strategy against gastric cancer.
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