STIMULUS REPORT blOOd advances

CRISPR genome editing of murine hematopoietic stem cells to create
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* CRISPR/Cas9 genomic
editing of wild-type he-
matopoietic stem cells

Fusion oncogenes from recurrent chromosomal rearrangements drive many hematologic malignancies.’
Traditional modeling of these lesions in mice involves retroviral introduction of human fusion oncogenes
to murine hematopoietic progenitors and subsequent syngeneic transplantation. Alternatively, the

generates Npm1-Alk, oncogenes can be engineered into the germline under lineage-specific promoters. For example,

leading to ALK™ large- introduction of BCR-ABL,*® derived from chronic myeloid leukemia (CML), to progenitors causes a fatal

cell ymphomas in myeloproliferative disease similar to accelerated-phase CML but does not capture the prolonged

recipients. chronic phase of human CML.* NPM1-ALK, derived from anaplastic lymphoma kinase (ALK)"

anaplastic large-cell lymphoma (ALCL) is another classic fusion that drove breakthrough animal

+CD30" postthymic modeling for T-cell lymphomas.® First described in 1985, ALK* ALCL is a T-cell non-Hodgkin lymphoma
T-cell ymphomas are constituting ~2% of lymphoma diagnoses overall; it is seen most commonly in adolescents and young

adults.® It is the most frequent pediatric mature T-cell malignancy. Pathologically, ALK ALCL cells have
an irregular blastic morphology, including large nuclei and scant cytoplasm. The disease is diagnosed by
. . expression of the characteristic ALK protein and CD30, but T-cell surface markers are variably lost,
recipients with long leaving many cases with a null-cell phenotype.”® Previous use of NPM1-ALK in murine lymphoma
latency. models demonstrated the gene's potent transforming properties but did not fully recapitulate the
phenotype of human ALK™ ALCL. Retroviral infection of bone marrow progenitor cells with NPM7-ALK
led to B-cell ymphomas after transplantation to recipients.’® Transgenic engineering of NPM1-ALK into
the murine genome under Vav or CD2 promoters also resulted in B lymphomas.'"'? Chiarle et al
achieved a T-cell phenotype by placing NPM1-ALK under a CD4 promoter, but animals developed
immature T-cell lymphomas more similar to lymphoblastic lymphoma, and leaky expression drove
B-lineage plasma-cell neoplasms in about a third.'® CRISPR/Cas9 genome editing recently resulted in
breakthrough modeling of ALK™ lung cancer through generation of Em/4-Alk, homologous to the human
fusion oncogene, through introduction of genomic breakpoints.'* Here, we successfully adapted these
techniques to modeling hematologic malignancy for the first time by generating Nom 7-Alk in the genome
of transplantable hematopoietic stem cells (HSCs).

polyclonal but trans-
plantable to secondary
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Methods

Additional detailed information is provided in supplemental Methods.

Cell culture

HSCs were isolated from fetal livers at embryonic day 14.5 and grown in RPMI 1640 supplemented with
10% fetal bovine serum, 10% WEHI supernatant, interleukin-3 (IL-3) (10 pg/mL), IL-6 (10 png/mL), and
stem cell factor (10 pwg/mL). To prevent differentiation, HSCs were maintained in culture for <72 hours.
Splenocytes were cultured in RPMI 1640 supplemented with 20% fetal bovine serum.

Submitted 24 August 2018; accepted 6 May 2019. DOI 10.1182/ © 2019 by The American Society of Hematology
bloodadvances.2018025247.

The full-text version of this article contains a data supplement.
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Figure 1. ALK* lymphomas develop after transplantation of HSCs transfected with a CRISPR vector targeting breakpoints to Nom1 and Alk (sgNA). (A)

Breakpoints (red arrows) in the mouse chromosome leading to creation of t(11:17) involving Npm1 and Alk and the predicted Npm1-Alk fusion gene. (B) Experimental design
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HSC modification and transplantation

Individual fetal livers from wild-type C57BL/6 mice with 2 X 10°
HSCs each were divided to undergo CRISPR vs mock transfection
(Figure 1B). We used Lipofectamine 3000 transfection reagent,
with or without 3 g pX330, with single guide RNAs targeting Npm 1
and Alk (sgNA; Figure 1A)'* over 2 days. After overnight incubation
in fresh media, transfected HSCs were injected via the tail vein into
sublethally irradiated (4.5 G X 2, separated by 2 hours) syngeneic
wild-type C57BL/6 recipients. All primary recipients were 9 weeks
old at the time of transplantation. For secondary recipients, 10°
splenocytes from the primary recipients were transplanted into
irradiated wild-type C57BL/6 mice via the tail vein. These mice were
also 9 weeks old at the time of transplantation.

Histology and immunohistochemistry

Formalin-fixed paraffin-embedded tissue sections, produced per
standard protocols, were used to make H&E-stained and immuno-
histochemistry (IHC) pathology slides. Primary IHC antibodies were
anti-ALK (Abcam, ab180607), anti-CD30 (Invitrogen, MA512532),
anti-CD3 (Abcam, ab16669), anti-CD4 (Invitrogen, 14-9766-82),
and anti-CD8a (Invitrogen, 14-0195-80). After secondary antibody
and counterstaining, all slides were subject to expert hematopa-
thology review (F.V.).

Fluorescence-activated cell sorting analysis

Splenocytes were collected, passaged transiently in vitro, and
stained with the following antibodies: B220 (BD Bioscience,
552772), IgM (BD Bioscience, 553437), and Thy1.2 (eBioscience,
12-0902-82). Viable cells were gated through phycoerythrin
staining, and stained samples were run on the Attune NxT analyzer.
Data were then analyzed using FlowJo software (TreeStar, Inc.).

Clonality analysis

Amplification and sequencing of (TCRB/IGH/IGKL/TCRAD/TCRG)
CDR3 were performed with immunoSEQ (Adaptive Biotechnologies,
Seattle, WA). The clonal repertoire is determined using the Shannon
entropy-based clonality index, which ranges from O to 1, with index
values < 0.5 being polyclonal."®

Results and discussion

The Npm1 and Alk genes on murine chromosomes 11 and 17,
respectively, contain intronic breakpoints that can create an in-
frame fusion Npm7-Alk oncogene closely analogous to human
NPM?1-ALK (Figure 1A; supplemental Figure 1A)."* We transfected
3T3 cells with sgNA vector encoding Cas9 and single guide RNAs
targeting these breakpoints and confirmed generation of Nom1-Alk
(supplemental Figure 1B-C), including sequence confirmation of an

expected 1.5-kb Npm7-Alk PCR band (supplemental Figure 1D).
CRISPR-generated Npm1-Alk transforms IL-3—dependent Ba/F3
cells'®'® but has not previously been compared with human
NPM1-ALK. We infected the cytokine-dependent murine pro-B
cell line FL5.12 with vector, Nom1-Alk, or NPM1-ALK with GFP
coexpression and cycled them through IL-3 withdrawal and rescue,
resulting in Npm1-Alk enrichment similar to NPM1-ALK (supple-
mental Figure 1E). Both the human and mouse alleles trans-
formed the FL5.12 cells to proliferation in cytokine-free media.
Npm1-Alk—transformed cells are highly sensitive to clinical ALK
kinase inhibitors (supplemental Figure 1F-G), but differences in the
ALK kinase domains resulted in differential sensitivity patterns, includ-
ing relative crizotinib and ceritinib sensitivity but alectinib resistance.

We next divided C57BL/6 murine HSCs from a single fetal liver for
mock vs sgNA transfection and confirmed detection of Npm7-Alkin
the sgNA-transfected cells (supplemental Figure 2A-B), including
Sanger sequencing confirmation of the fusion gene from the
polymerase chain reaction (PCR) product (data not shown; same
result as supplemental Figure 1D). We repeated paired sgNA/mock
transfections of HSCs isolated from individual fetal livers and
transplanted them into wild-type C57BL/6 recipients subjected to
sublethal irradiation (Figure 1B). No recipients died during the initial
3-4 weeks following transplantation, indicating successful engraft-
ment of transplanted HSCs. All were unremarkable until
posttransplant day 270, when an animal transplanted with sgNA-
modified HSCs (sgNA-1) became moribund and was euthanized in
parallel with its paired mock control. Pathologic analysis showed
that, although the mouse transplanted with mock-transfected HSCs
was phenotypically normal, the mouse transplanted with CRISPR-
transfected HSCs had lymphoma completely effacing the normal
architecture of the spleen (Figure 1C). In addition, lymphoma cells
invaded multiple organs of the CRISPR-modified HSC recipient,
including lung, liver (Figure 1D), and kidney (data not shown).
Thereafter, the remaining mice were euthanized, revealing lym-
phoma in 3 of 4 mice (overall) transplanted with sgNA-modified
HSCs (supplemental Figure 2C-D). Like sgNA-1, mouse sgNA-2
had lymphoma involvement of nonhematologic organs (lung and
liver, supplemental Figure 2D), whereas disease in mouse sgNA-4
was confined morphologically to the spleen. An additional mouse
transplanted with CRISPR-transfected HSCs (sgNA-3) never
became moribund and was phenotypically normal when sacrificed
a year after transplantation (data not shown). All of the mock-
transfected paired control animals were phenotypically normal
(Figure 1C-D; others not shown). Fluorescence-activated cell
sorting analysis of splenocytes from diseased and control animals
showed an increased presence of T-lineage lymphocytes based on
Thy1.2 cell surface expression in animals sgNA-1 and sgNA-4,

Figure 1. (continued) for transplantation of transfected wild-type HSCs to sublethally irradiated primary recipients. (C) Photomicrographs of spleen (40X, 100X, 400X, and

1000X magnification) from the initially moribund animal, sgNA-1, transplanted with CRISPR-transfected HSCs and from the paired control animal transplanted with mock-

transfected HSCs from the same fetal liver (hematoxylin and eosin [H&E] stain). (D) Photomicrographs of lung and liver (100X and 400X magnification) from the same animals

as in panel C, showing invasion of lymphoma into these organs (H&E stain). (E) Alk kinase domain and Tnfrsf8 (CD30) expression by TagMan gRT-PCR in primary recipients of

sgNA-transfected HSCs normalized to paired mock controls. RNA was freshly isolated from the indicated tissues. Data are mean * standard error of the mean of 3 technical

replicates. (F) IHC staining of large-cell lymphomas in spleens compared with spleen from a mock-control animal for ALK and CD30 taken under at 600X magnification;

1000 magnification insets are shown for ALK. For full-size 1000X micrographs, see supplemental Figure 2F. (G) IHC staining for common T-cell surface markers in mock-

treated spleen compared with large-cell ymphomas. Photomicrographs were taken under at 600X magnification. For low-power (40X) and high-power (1000X) views, see
supplemental Figure 4. Scale bars, 1 mm (40X), 200 pm (100X), 50 wm (400X), 50 wm (600X), 10 wm (1000X). *P < .01, **P < .001, ***P < .0001, 2-tailed Student

t test. BM, bone marrow.

1790 RAJAN et al

25 JUNE 2019 - VOLUME 3, NUMBER 12 € blood advances

202 AeI 0z uo 158NB AQ Jpd- 1 1/2GZ0SIOUBADE/L967GG /88 |/Z L/€/1Pd-0[oLIe/S80uBAPEPOO|q/IoU"SUoneDligndyse//:dny wouy papeojumod



>

100 ] 11 n 111 MOCk i
E
=
3
8
&= 50
E sgNA1-00
=
—L_ Wild-Type
—1_ Secondary Recipients
0 T T T T
0 100 200 300 400 -
) sgNA4-R2 |5
Time Py
Control
Spleen
Liver |#
Kidney
Lung
10000 § HEE Ak .
I 7hfrsf8 (CD30)
. . . T e
1000 3 ! ! !
> w1 1 1
S o ! -
s g . 1 1 1
] 100 3 [ 1 1
g’_ ] 1 1 1,
s E 1 1 1§ *
S 1 1 H 1
g2 = 10 3 1 1 i 1
= 8 1 1 |
e 1 1 1
= 1 1 1
= = 13 1 1 1
== 1 1 1
= 1 1 1
0.10 ! ! !
: 1 1 1
1 1 1
1 1 1
o T l L T
SN NP N NS NS
£ \S\G_)Q\ba £ \5\6Q\®° 2 \/\*%é@‘z’ 2 V\*%Q\e?’ 2 V\A%Q\ee
sgNA1 -00 sgNA1 -L1 sgNA2 -00 sgNA4 -L2 sgNA1 -R2
sgNA-4
Mock Control

sgNA1-00

sgNA1-L1

sgNA4-L2

¥

N

sgNA4-R2

1000

500 -~
100 +—

1C50(nM)

50

sgNA1-00 sgNA1-L1

In-vitro
culture

P

/

mmm Crizotinib
mmm Ceritinib
mmm Alectinib
=== | orlatinib

1C50

sgNA4-L2 sgNA4-R2

Control

€ blood advances

25 JUNE 2019 - VOLUME 3, NUMBER 12

Figure 2.

FUSION ONCOGENE GENERATION IN HSCs WITH CRISPR

1791

202 AeI 0z uo 158NB AQ Jpd- 1 1/2GZ0SIOUBADE/L967GG /88 |/Z L/€/1Pd-0[oLIe/S80uBAPEPOO|q/IoU"SUoneDligndyse//:dny wouy papeojumod



whereas sgNA-2 had decreased numbers of T cells (supplemental
Figure 2E). This mouse instead had a prominent population of
B220" IgM™ cells, consistent with a B-cell lymphoma phenotype in
this animal. We next assessed expression of ALK and CD30,
pathologic hallmarks of human ALK* ALCL. Quantitative reverse-
transcription PCR (qRT-PCR) was used to assess expression of
the murine Alk kinase domain in diseased recipients, normalized
to corresponding tissues from each animal's paired mock control.
The lymphoma-bearing animals had 10X to 10 000X expression in
bone marrow, spleen, and other affected organs (Figure 1E).
Expression of Tnfrsf8, which encodes murine CD30, was similarly
elevated in sgNA-1 and sgNA-4 but not in sgNA-2. Therefore, we
carried out IHC evaluation for these markers, which showed,
consistent with the quantitative PCR (qPCR) results, high ALK
protein in the spleens of all of the diseased animals, including the
nuclear staining pattern that is distinctive of human NPM1-ALK
(Figure 1F; micrographs taken with 60X objective, 100X objective
insets for ALK; full-size 100X micrographs are provided as
supplemental Figure 2F).'”'® sgNA-1 and sgNA-4 showed strong
cell surface staining for CD30, whereas sgNA-2, like human ALK ™"
large B-cell lymphoma, was CD30.'%2° We used reverse-
transcription PCR primers spanning the Npm 7-Alk fusion to confirm
its detection in tumor-affected tissues from transplanted mice
(supplemental Figure 3A). Generation of Npm1-Alk in HSCs leads
to ALK™ lymphomas in transplant recipients after a long latency.

We further characterized the surface phenotype of these lympho-
mas, focusing on the T-cell markers CD3, CD4, and CD8, which are
highly variable in human ALK* ALCL; they are commonly absent,
leading to a null-cell phenotype that requires T-cell receptor (TCR)
clonality studies to confirm T-cell origin.2"?? Both animals with
suspected T-cell lymphomas, sgNA-1 and sgNA-4, had scattered
positivity for CD3, and sgNA-1 also had patches in the spleen that
were strongly positive for CD4 and CD8 (Figure 1G; high- and
low-magnification views in supplemental Figure 4). sgNA-4 was
negative for CD4 and CD8, whereas sgNA-2 was negative for all
3 T-cell markers, as expected. To further clarify the disease
phenotype of sgNA-1, we assessed CD4 and CD8 in tumors
invasive to other organs, which occurred in this animal but not in
sgNA-4. The perivascular lymphomas that arose in the lung of this
animal were strongly CD4* and CD8™ (supplemental Figure 3B,
see “Discussion”). In sum, pathologic analyses show variations in
morphology and cell surface markers, potentially consistent with
multiple lymphomas, having arisen simultaneously, which could be
assessed through TCR clonality studies.

We next tested transplantability of primary tumors to secondary
recipients through tail vein injection of 10° splenocytes from primary
recipients to wild-type mice after 4-Gy irradiation. Available cell
numbers permitted 12 secondary transplantations, 5 each from
sgNA-1 and sgNA-4 (T-cell lymphomas) and 2 from sgNA-2 (B cell).
Disease onset in all secondary recipients is grouped in Figure 2A,
showing lymphomas in 9 of 12 mice beginning by day 180. When
the first mouse became moribund, we analyzed peripheral blood
from all secondary recipients for expression of Alk and Tnfrsf8 using
gPCR (supplemental Figure 5A). Seven of 8 animals that had
elevated ALK expression at this time point subsequently developed
disease (red boxes). Pathologic assessment showed lymphomas
similar to primary recipients infiltrating spleen and other organs
(Figure 2B, and data not shown), including 1 mouse with nodal
lymphoma (supplemental Figure 5B). Affected animals had
enlarged livers and spleens compared with controls sacrificed in
parallel (supplemental Figure 5C). Tumors in T-lymphoma recipients
showed ALK, CD30, and CD3 IHC staining similar to primary
recipients (Figure 2C; supplemental Figure 3C). Diseased second-
ary recipients transplanted with T lymphomas, like primary
recipients, had overexpression of Alk and Tnfrsf8, whereas only
Alk was elevated in a diseased secondary recipient of tumor cells
from sgNA-2 (Figure 2D). Nom1-Alk was confirmed by reverse-
transcription PCR in transplanted mice (supplemental Figure 5D).
Protein expression of ALK and its established downstream effectors
were also seen in transplanted mice but not wild-type splenocytes
via western blotting performed on unselected splenocytes (supple-
mental Figure 5E). These cells had undergone cryopreservation
before this analysis was performed and showed a banding pattern
in response to a murine-specific ALK antibody, consistent with
partial degradation of NPM1-ALK, as reported previously for the
human protein.?®> A high-molecular-weight ALK band also was
detected, consistent with perinuclear aggregate NPM1-ALK, which
is well described.?*?° The wild-type control splenocytes did
not show any reactivity to the murine ALK antibody. Tumor cells
from spleens isolated from sgNA4-R2, sgNA1-00, sgNA1-L1, and
sgNA4-L2 proliferated transiently and were highly sensitive to ALK
inhibitors, with the sensitivity pattern mirroring Npm7-Alk—transformed
FL5.12 cells (Figure 2E; supplemental Figure 5F).

We next assessed TCR clonality of the primary recipients that
developed T-cell ymphomas and 2 secondary recipients transplanted
with tumor cells from each of these primaries using GeneScan.?®2”
The diversity of 3-chain rearrangements is plotted as pie charts
(Figure 2F; supplemental Figure 5G). Primary recipients were

Figure 2. Nom1-Alk* lymphomas are transplantable, polyclonal, and highly sensitive to ALK kinase inhibitors. (A) Lymphoma onset in secondary recipients with
wild-type C57/BL6 mice as control. (B) Micrographs of representative H&E histology of the indicated organs from a secondary recipient of T-cell lymphoma compared with
wild-type control (100X, 400X, and 1000X magnification). (C) Micrographs of IHC staining of spleens of secondary recipients for ALK, CD30, and CD3 with a wild-type
control as comparison (600X magnification; ALK insets at 1000X). (D) Alk and Tnfrsf8 (CD30) expression by TagMan qRT-PCR in the indicated tissues freshly isolated from
5 representative secondary recipients. Data are mean = standard error of the mean from 3 technical replicates. (E) ICso (50% inhibitory concentration) values calculated from
viability curves of lymphoma cells exposed to the indicated clinical ALK-specific tyrosine kinase inhibitors. Lymphoma cells from the indicated animals proliferated transiently in
tissue culture. The murine T-cell line MOHITO was used as control. (F) TCR B-chain diversity plotted as pie charts for splenocytes, with each color representing a unique TCR
clone in the sequencing data, from a representative mock control animal and the 2 animals that developed T-cell lymphomas (sgNA-1 and sgNA-4) plus 2 secondary recipients
from each primary recipient compared with mock control mouse. We also rechecked the diversity of the cells from 1 secondary recipient, as indicated, after 12 days of culture
in vitro. Clonality was determined using the Shannon’s entropy-based clonality index. This value ranges from O to 1, in which values approaching 1 indicate a monoclonal
population. The cutoff for determining polyclonality was 0.5 (see also supplemental Figure 3G). Scale bars, 200 pm (100X), 50 pm (400X), 50 pwm (600X), 10 wm (1000X).
*P < .01, **P < .001, **P < .0001, 2-tailed Student t test.
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polyclonal but had significantly decreased clonal diversity com-
pared with mock controls. Additionally, clones identical to the
primary recipients were found when the analysis was performed on
splenocytes from diseased secondary recipients. Therefore, these
lymphomas derive from postthymic T cells but were not monoclonal,
consistent with multiple separate transformations having occurred
during disease latency in T cells containing the Npm 7-Alk translocation.

In sum, we demonstrate transplantable ALK-driven lymphomas
resulting from creation of Npm7-Alk by CRISPR genome editing of
murine HSCs. The long latency is consistent with natural progression
to disease onset after introduction of a single genetic lesion formed
from endogenous murine loci. Npm1-Alk™ transplanted HSCs could
only have contained 1 copy of the fusion because Npm17 is an
essential gene, and its other copy must remain intact.'®28 Therefore,
these cells accurately represent the initiating genotype of human
ALK ALCL and resulted in a phenotype with similarities to and
differences from human disease. Specifically, T-cell lymphomas had
a large-cell morphology, had strong expression of cell surface CD30,
and showed TCR rearrangements indicating progression through key
steps of thymic maturation. Tumors were oligoclonal compared with
mock controls but not monoclonal like human ALCL. Different clones
that arose appeared to have various cell surface phenotypes, with
differential expression of CD3, CD4, and CD8 among tumor cells,
including within the same diseased spleen, illustrated especially by
the primary recipient sgNA-1. Tumors invading other organs in this
animal were CD4" CD8", a phenotype that is rarely seen in human
ALK ALCL, in which expression of CD4 alone or neither marker are
most common.>?® Animals did not develop a primarily nodal
lymphoma as is seen in most human patients; instead, disease
involved the spleen, with variable spread to liver, lung, and kidney.

Regardless, the proof-of-principle established here is widely
adaptable to additional hematologic malignancies and may help to
generate preclinical models with increased fidelity. Piganeau et al
used a transcription activator-like effector nuclease approach to
generate 1(2;5)(p23;935)/NPM1-ALK in cultured human cells
through generation of double-stranded DNA breaks, but this
approach was not used to model the disease.®° Utility of our model
in preclinical studies is limited by long disease latency in secondary
recipients (minimum 180 days) and the phenotypic variability outlined
above. Serial passaging of these tumors through additional recipients
may or may not reveal isolated clones that result in tumor phenotypes
with high fidelity for human ALK™ ALCL to fuel preclinical treatment
experiments. Tumor cells from primary and secondary recipients
proliferated transiently in vitro in media not supplemented with
cytokines, but they did not become long-term cell lines. This also
could change after passages through additional recipients moving
forward or with the use of T-cell stimulatory cytokines.

Early animal-modeling efforts with NPM7-ALK (discussed in
“Introduction”) left the cell of origin for ALK™ ALCL unclear, and it
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still has not been definitively revealed. Recently, Malcolm et al shed
key light on this question, showing that NPM71-ALK" thymic
precursors use the fusion oncogene to bypass the B-selection
checkpoint before moving to the periphery to establish systemic
lymphomas.®' By engineering the endogenous translocation into
a subset of HSCs, our approach may have allowed recapitulation of
this process, as opposed to earlier transgenic approaches placing
NPM1-ALK expression under the control of specific T-lineage
promoters. Additional evidence also exists for NPM1-ALK arising in
early stem or progenitor cells. Triimper et al showed in 1998 that 14 of
29 healthy individuals (48%) had NPM1-ALK detectable by high-
sensitivity PCR in peripheral blood,*2 and even umbilical cord blood from
healthy newborms showed evidence of the fusion in ~2%3® (although
this was not linked to later onset of ALK™ ALCL in either study). The
polyclonal phenotype that we observed is consistent with multiple
individual clones having undergone transformation separately in the
mice that developed T lymphomas. Therefore, these primary diseases
were molecularly more heterogeneous than human ALK ALCL.
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