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hronic lymphocytic leukemia (CLL) and mantle cell

lymphoma (MCL) are 2 lymphoid neoplasms char-

acterized by the proliferation and accumulation of

mature small CD5+ B cells, commonly involving bone
marrow, blood, and lymphoid organs.! CLL is considered an
indolent disease, whereas the clinical course of the majority of
MCL patients is more aggressive. However, the clinical evolu-
tion of both malignancies is very heterogeneous. This hetero-
geneity is exemplified by 2 major clinico-biological subtypes
described in both diseases, which are characterized by the level
of somatic hypermutation of the immunoglobin heavy chain
variable (IGHV) genes. In CLL, those cases harboring unmu-
tated IGHV genes (U-CLL) are derived from germinal center
unexperienced cells and show a more aggressive clinical behav-
ior than those carrying mutated IGHV genes (M-CLL), which
stem from germinal center-experienced cells. In MCL, the
translocation t(11;14) is common to both MCL subtypes, lead-
ing to cyclin D1 overexpression. The most common and clin-
ically aggressive subtype is called conventional MCL (cMCL)
and derived from mature pregerminal center B cells, carrying
no or limited IGHV mutations. Nonnodal MCL (nnMCL) is
less common and an indolent subtype, derived from germinal
center-experienced cells and carries a higher load of IGHV
mutations.! Over the last decade, the landscape of the genomic,
epigenomic, and transcriptional features of CLL and MCL has
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been described in several pivotal studies, highlighting the coin-
cidences and differences between the aggressive and indolent
subtypes of both diseases.* While the prognostic significance of
some of these alterations is known, their specific contributions
to disease pathogenesis remains largely unexplored.

Attempts to study the molecular mechanisms underlying CLL
and MCL using primary cells have encountered several chal-
lenges, mostly owing to the importance of the tumor micro-
environment factors for the survival and proliferation of the
malignant B cells. Thus, most experimental settings used for
these diseases include genetically modified mouse models for
CLL* or xenograft models for MCL,* and human cell lines,*’
which have numerous discrepancies with human primary cells.
Importantly, these model systems mostly recapitulate the more
aggressive forms of both neoplasms (U-CLL and ¢cMCL), but
they are not appropriate tools for studying indolent subtypes
of the disease. Thus, there is a need to directly apply molecular
methods, such as CRISPR-Cas9 genome editing technology, in
primary malignant B cells in vitro as they preserve the clinico-bi-
ological spectrum of CLL and MCL. Previous functional studies
have been limited by the difficulty of growing CLL and MCL
cells ex vivo, as well as their resistance to most gene transfer
methods, which have made downstream analysis challenging.®
While recently it has been demonstrated that it is possible to
genetically manipulate nonactivated B cells,” the use of gene
editing tools in malignant B cells is still elusive. Thus, to advance
further in the genetic manipulation of primary malignant B cell,
such as CLL and MCL, we took advantage of our cell culture
system that allows the in vitro expansion of patient-derived
CLL/MCL cells for several weeks, regardless of the clinico-bio-
logical subtype of the disease.!® Using this cell culture system, in
which primary cells are exposed to human CD40-ligand, IL21,
and BAFF secreted by murine stromal cells, we have now estab-
lished a robust method for CRISPR-Cas9 editing of patient-de-
rived malignant-activated CLL/MCL cells.

As an initial proof of concept, we targeted the CD19 pan-B
cell marker, highly expressed in both CLL and MCL cells.
Patient-derived and cryopreserved CLL and MCL cells, isolated
from peripheral blood samples, were expanded for 3 days in
vitro and subsequently electroporated with optimized condi-
tions (see Suppl. Figure S1 for detailed information) to allow
the entrance of the Cas9-CD19 guide RNA (gRNA) complex
into the cells (Figure 1A). To assess electroporation efficiency,
gRNA was labeled with a fluorescent tracer (ie, ATTOS550).
Cell viability and electroporation efficiency, measured after 24
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Figure 1. Efficient CRISPR-Cas9 editing of primary malignant B cells. (A) Schematic representation of the electroporation-based CRISPR-Cas9 method-
ology used with CLL and MCL cells. Created with BioRender.com. (B) and (C) FACS panels show percentage of live and successfully transfected cells compared
with non electroporated cells at day 1 after electroporation for (B) CLL (n = 8) or (C) MCL (n = 4) primary cells. Upper dot plot and bar graphs shows the percent-
age of live cells (Aqua—) + SEM in electroporated (E) vs non electroporated (NE) cells. Lower dot plot and bar graphs shows the percentage of electroporated
cells (ATTO550+) + SEM in the live population. Unpaired t test, P > 0.05. (D) and (E) Histogram shows CD19 protein levels assessed by flow cytometry at day
0, 2, 4, and 8 after electroporation in 1 exemplary sample of (D) CLL or (E) MCL. Box plot on the right represents CD19 MFIR value in NTC and gCD179-elec-
troporated cells at day 4 after electroporation. Paired t test, **P < 0.01, *P < 0.05. Each color represents a different case. NTC = nontargeting control; gCD79 = gRNA
targeting CD79 gene; MFIR = median fluorescence intensity ratio; CLL = chronic lymphocytic leukemia; MCL = mantle cell lymphoma.




HemaSphere (2023) 7:6

www.hemaspherejournal.com

|
A M-CLL ! U-CLL
Daysin _CLL2 _CLL4 1 _CLL6 _CL7
co-culture o 7 0 7 0 0 7
: - Cyclin D2
[ Vinculin

CLL5

NTC g1 g2

S Sy "

D

cMCL1
NTC g1 92

Vinculin

nnMCL1

NTC g1 g2

Vinculin

CLLA1

gCD19
NTC  gcenp2

CD19

Cyclin D2

—
—
bl —

Vinculin

Cyclin D2

Vinculin

Cyclin D1 protein levels (rel.NTC)

o g o =
ES o @ (=
1 1 1 1

I
%)
1

Cyclin D2 protein levels (rel.NTC)

o
o

0.8

0.6

0.4+

0.2

Cyclin D2 (day 4)

NTC g1

Cc

g2

Cyclin D1 (day 4)

0.54

0.0

r=-

® cMCL1
® nnMCL1

I I 1
NTC g1 g2
Condition

Day 4 after electroporation

=3 CD19levels
3 Cyclin D2 levels

=

Normalized protein levels (rel. NTC)

T
NTC

T
sgCD19/CCND2

Condition

Number of cells (relative to NTC)

M-CLL + U-CLL samples

1.0

0.54

I 1 1 1
NTC g1 g2 NTC

© 15+

z f *kkk N L *kk |

2 "1 I**** *kkk

3

>

® 1.0 e -

g |

K]

®

.3 0.5+ .‘ e, |L

[<] |¥| F‘ ®

. J o

(3 -

-]

i |

z NTC g1 g2 NTC g1 g2
| IS | IS

Day 2 Day 4

- nnMCL

2

= 1.59

L

8 1.0

g

2

8

« 0.5

o

1)

o

o

£

= 0.0 m—

g1 g2
Day 4

Day 2

cMCL

0.0

i

NTC g1 g2 NTC g1 g2

Day 2 Day 4

Figure 2. Single and dual gene editing of cyclin genes impair proliferation of malignant B cells. (A) Western blot shows cyclin D2 protein levels before
and after coculture with MM1 cells for 7 days in CLL cells (2 U-CLL and 2 M-CLL). (B) Western blot shows cyclin D2 protein levels at day 4 in CLL5 upon elec-
troporation in the indicated conditions. Bar plot shows Imaged protein quantification normalized with NTC (right). (C) Bar plot displays the relative cell number
of NTC and CCND2 g1/g2-electroporated CLL cells at day 2 and day 4 after electroporation + SEM (n = 8). Unpaired t test NTC vs g1/g2, ***P < 0.000. (D)
Western blot shows protein levels of cyclin D1 at day 4 in NTC and CCND1 g1/g2-electroporated cells in 1 case of cMCL and nnMCL. Bar plot shows ImageJ
protein quantification + SEM normalized with NTC in cMCL (orange) and nnMCL (blue). (E) Bar plot displays the relative cell number in NTC and CCND1 g1/
g2-electroporated cells in NnnMCL cells (upper) and cMCL (lower) at day 2 and day 4 after electroporation + SEM (n = 4). Unpaired t test NTC vs g1/g2; ns for
nnMCL and *P < 0.05 and **P < 0.01 for cMCL. (F) Western blot shows CD19 and cyclin D2 protein levels in NTC or double-edited CLL cells, sorted by CD19- in
CLL1. Bar plot shows Imaged protein quantification normalized with NTC for CD19 levels (blue) and Cyclin D2 (orange). Each color represents a different case.
M-CLL = IGHV mutated cases; U-CLL = IGHV unmutated cases; NTC = nontargeting control; g1/g2 = 2 independent gRNAs targeting CCND2 or CCND1 genes; cMCL = conventional MCL;
nnMCL = nonnodal MCL; CLL = chronic lymphocytic leukemia; MCL = mantle cell lymphoma.
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hours, demonstrated a remarkable low percentage of dead cells,
similar to nonelectroporated cells. With this method, high trans-
fection efficiency was accomplished with over 90% of cells con-
taining the fluorescent tracer (Figure 1B and 1C). We followed
the degree of CD19 depletion over time and observed a rapid
decrease in protein level especially in CLL, which was already
evident at day 2 (Figure 1D and 1E; Suppl. Figure S2D and S2E).
Four days after electroporation, CD19 levels were downregu-
lated by >90% in all CLL samples tested (n = 8), and by 75% in
MCL samples (n = 4). These low protein levels were maintained
over time and did not affect cell viability (Figure 1D and 1E;
Suppl. Figure S2D and S2E; Suppl. Figure S3B and S3D). We
performed amplicon sequencing to measure the percentage of
CD19 alleles with an insertion/deletion mutation induced by the
Cas9-gRNA and observed 64% and 65% of mean allele editing
in CLL (n = 3) and MCL (n = 3), respectively. No changes on
the proportion of allele editing were found over time (Suppl.
Figure S2A-S2C). In summary, we have developed a method
for the transient transfection of the Cas9-gRNA complex into
patient-derived malignant B cells, without inducing cell death
and with highly efficient gene editing and protein depletion.

To further assess the utility of our method to study the down-
stream effect of genes involved in CLL or MCL pathogenesis,
we targeted 2 important cell cycle regulatory proteins: cyclin
D2 (CCND2) in CLL and cyclin D1 (CCND1) in MCL cells.
CCND1 overexpression is a hallmark of MCL development,'
while CCND2 has been shown to be upregulated in CLL cells,
particularly, at the proliferation centers in lymph nodes.'"?
Concordantly, CCND2 becomes highly upregulated in CLL cells
exposed to the proproliferative stimuli of our cell culture system
(Figure 2A). We first induced CCND?2 depletion using 2 indepen-
dent gRNAs electroporated with the Cas9 protein into 8 CLL
primary cases (3 U-CLL and 5 M-CLL, see Suppl. Table S1 for
patient characteristics). At day 4, we observed a 70% reduction of
CCND?2 levels, both at the mRNA (Suppl. Figure S3A) and protein
level (Figure 2B). Remarkably, cyclin D2 depletion had a major
impact on cell proliferation on both U-CLL and M-CLL cases,
as by day 2 we observed a mean cell growth reduction of 62%
and 50% with each gRNA used (Figure 2C), without significant
impact on cell viability (Suppl. Figure S3B). In parallel, CCND1
gene was targeted with 2 independent gRNAs in 4 MCL primary
cases (2 cMCL and 2 nnMCL, see Suppl. Table S2 for patient char-
acteristics). At day 4, we observed >65% reduction of cyclin D1
protein level with both gRNAs (Figure 2D; Suppl. Figure S3C).
Interestingly, upon cyclin D1 depletion, cell viability was not sig-
nificantly affected (Suppl. Figure S3D), but cell proliferation was
reduced in cMCL cases (n = 2), while we did not observe signifi-
cant changes in the nnMCL cases (n = 2) (Figure 2E). Despite the
small sample size, this observation suggests that the contribution
of cyclin D1 to cell proliferation may differ between the 2 MCL
clinico-biological subtypes and reinforces the importance of study-
ing the pathobiology of MCL with primary cells, which preserve
the diversity of cMCL and nnMCL cases.

Finally, we tested the efficiency of the simultaneous electropo-
ration of 2 gRNAs to induce dual target editing. For this, CD19
and CCND2 gRNAs were combined with a Cas9 protein and
subsequently electroporated into CLL cells. We observed that
cell viability was not affected and that 60% of the cell popula-
tion contained both gRNAs, each labeled with a different fluo-
rescent tracer (n = 2) (Suppl. Figure S4A and S4B). At day 4, we
sorted double gRNA transfected CLL cells by CD19-, and con-
firmed that this method achieved an almost complete depletion
of both CD19 and cyclin D2 proteins (Figure 2F; Suppl. Figure
$4C and S4D). Importantly, the levels of protein depletion were
similar to those obtained with single gRNAs, indicating that our
method of dual gene targeting is feasible and highly effective
(Suppl. Figure S4C).

Together, these results demonstrate that our method of tran-
sient CRISPR-Cas9 editing is highly efficient in modifying even

CRISPR-Cas9 Editing in Primary Malignant B Cells

>1 gene at once in malignant B cells derived from patients. Our
protocol opens the door to deepen scientific investigations into
the biology of malignant B cells using CRISPR-Cas9 method-
ology directly in primary patient samples, and overcomes the
current dependency on cell lines or murine models'3-* to study
these diseases. In contrast to a recently published protocol to
induce mRNA-based gene expression and gene editing in nor-
mal B cells,” we focused on developing an efficient CRISPR-Cas9
editing method specifically for CLL and MCL samples. Notably,
we observed that prestimulated malignant cells showed greater
electroporation efficiency than unstimulated cells (Suppl. Figure
S1), indicating a difference to normal B cells. On the basis of
our data, proliferation of CLL/MCL cells seems to be key for
a successful and efficient gene editing. Moreover, using our cell
coculture method,!® we have shown a permanent protein deple-
tion that is maintained in any offspring cell, enabling longer fol-
low-up downstream analyses and targeting of several candidate
genes simultaneously.

In summary, we provide a robust and efficient gene editing
method of primary human malignant B cells for the scientific
community. Importantly, this method complements our proto-
col to stably transduce primary cells,'® allowing both depletion
and overexpression of genes of interest in primary CLL/MCL
cells, to study the differences underlying their clinico-biological
diversity.
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