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Abstract

MLLT1 fusion gene into healthy PBMCs.

leukemia markers (CD19, CD34, CD45 and CD38).

for studying leukemia.

Introduction Leukemia, like most cancers, likely originates from a unique genetic defect. Accessible models

that accurately reflect this uniqueness for studying cellular characteristics and responses are still lacking. The KMT2A/
MLLTT fusion gene (encoding the KMT2A/ENL fusion protein) is a common chromosomal translocation in acute leuke-
mia and demonstrates strong oncogenic potential. KMT2A is also referred to as mixed lineage leukemia (MLL).

Objective The aim of this study was to generate leukemia-like B-cells from human adult cells by transfecting KMT2A/

Method The KMT2A/MLLTT fusion gene was inserted into peripheral blood mononuclear cells (PBMCs) isolated
from three healthy individuals. Triplicate experiments were performed using the lipofection method. Flow cytometry
confirmed induced cells by detecting expression of the KMT2A/ENL (MLL+) fusion protein and characterized B-cell

Results MLL+CD45 + cells significantly increased to 45.7 £ 19.5% (N=9) in transfected cells on day 10. The mean
fluorescence intensity of CD45, CD34 and CD38, however, remained unchanged. Interestingly, unlike untransfected
cells, the percentage of MLL+CD19+(CD45 +CD38+) B cells also significantly increased by day 10 (35.4+32.0% vs
3.7+ 2.4%) demonstrating abnormal growth characteristics.

Conclusions These rapid, accessible and reproducible KMT2A/ENL + leukemia-like cells may serve as a suitable model
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Background

Cancer is recognized as a genetic disease caused by vari-
ants, mutations and other alterations that may have accu-
mulate over time (National Institutes of Health). In the
2022 World Health Organization (WHO) classification of
hematopoietic and lymphoid tissues, multiple approaches
were used to describe and define diseases including
clinical features, morphology, immunophenotype, and
genetic data [1]. Advances in molecular genetics has
facilitated the discovery of genetic lesions in these malig-
nancies, with some findings representing dramatic shifts.
For example, an early report stated that “no cytogenetic
abnormality is specific for hairy cell leukemia’, whereas
later studies identified the unique BRAF V600E mutation
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as a diagnostic hallmark present in nearly all patients
with this condition. These genetic signatures are valu-
able diagnosis of disease, risk stratification and treatment
selection. They also serve as predictive factors and pro-
vide the molecular basis novel therapeutic approaches
based on the principles of precision medicine [2].

Leukemia is a cancer of the blood and bone marrow
leads to uncontrolled production of abnormal white
blood cells, typically arising from a single lineage such
as B cells. Lymphoma is a related malignancy in which
abnormal cells originate in the lymphatic system, includ-
ing the lymph nodes and associated tissues. Leukemias
are broadly categorized as acute or chronic leukemia,
with both lymphoid/lymphoblastic and myeloid/myelo-
blastic lineages affected. The majority of acute, chronic
and other less common forms of leukemia originate from
B cells [3] and are collectively referred to here as B-cell
leukemias.

Genetic aberrations involving KMT2A (11q23), for-
merly known as MLL, HRX, or ALLI, were among the
first four recurrent genetic abnormalities identified in
the classification of acute myeloid leukemia (AML) [4].
Chromosomal rearrangements of the human KMT2A/
MLL gene are associated with both de novo and therapy-
related acute leukemias in infants, children, and adults.
These can also manifest as mixed-lineage leukemia,
which expresses both lymphoid and myeloid markers.
KMT2A translocations can occur with as many as 107
different partner genes [5]. The AML subtypes that result
from these various rearrangements and aberrations of
MLL are not identical; and cases involving translocations,
disease biology is strongly influenced by the partner gene.

KMT2A rearrangements (KMT2A-r) are important
diagnostic and prognostic markers included in clas-
sification of acute lymphoblastic leukemia/lymphoma
[6]. KMT2A-r occur in approximately 9% of adult cases,
3-5% of pediatric cases and 61-80% of infant cases of
acute lymphoblastic leukemia (ALL). They also account
for 5-11% of adult cases,~15% of pediatric cases, and
33-75% of infant cases of acute myeloid leukemia (AML)
(reviewed in [7]).

MLL rearrangements in ALL are associated with a poor
[8] to moderate prognosis, often accompanied by a high
risk of relapse [9]. Importantly, the partner gene strongly
influences patient outcomes in cases of MLL rearrange-
ment [8]. Because cytotoxic chemotherapy regimens
remain unsatisfactory, numerous clinical trials are inves-
tigating targeted KMT2A-r therapies, including menin
inhibitors, which have progressed to Phase I/II trials and
show potential for improving patient responses [10].

The three most frequent translocation partner genes
(TPGs) of the KMT2A gene are AFF1 or AF4, MLLT3
or AF9 and MLLTI accounting for approximately 37.1%,
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18.0% and 13.5% of TPGs, respectively [5]. The distribu-
tion of these KMT2A-r events among acute leukemias is
heterogeneous. Most AF4 (99.3%) and MLLT1 (89.7%)
translocations occur in ALL, whereas AF9 transloca-
tions are more evenly distributed between ALL (43.8%)
and AML (56.6%). Regarding age distribution, most AF4
(43.3%) and AF9 (28.8%) cases are seen in adult ALL,
although AF9 is somewhat more evenly distributed. In
contrast, the majority of MLLT1 (52.5%) cases are con-
centrated in infant ALL. Advances in next-generation
sequencing (NGS) technology have now enabled detec-
tion of KMT2A-r in nearly all cases (100%) [5].

Mutations involving KMT2A are also observed in
mature hematolymphoid tumors. For example, KMT2A-
rearranged diffuse large B cell lymphoma (DLBCL) has
been reported in both adult and pediatric patients. While
adult patients responded well to conventional chemo-
therapy, pediatric cases required more intensive treat-
ment to achieve remissions [11].

Due to its biology, treatment outcome, and oncogenic-
ity, with MLL fusions representing early leukemogenic
events that typically do not require additional genetic
changes to induce leukemia, this translocation has been
the subject of numerous studies aimed at creating disease
models. Such models are developed to explore patho-
genic mechanisms and to test alternative therapeutic
strategies. The best models should recapitulate at least
the key attributes of the human disease [12]. An ideal
model should be relevant to human disease (particu-
larly reflecting pathophysiology, progression of disease,
and clinical symptoms), consistent, reproducible and
ethically appropriate for either in vivo or in vitro appli-
cations. Example of disease models include immortalized
cell lines and human induced pluripotent stem cells (in
vitro), as well as invertebrate models such as Caenorhab-
ditis elegans and Drosophila, and vertebrate models such
as zebra fish, rodents and non- human primate (in vivo)
[13].

The advent of molecular cloning has enabled research-
ers to express fusion genes from the many leukemia-asso-
ciated chromosomal translocations in the bone marrow
of model animals. The bone marrow retroviral transduc-
tion/transplantation model has been the most frequently
used in vivo method for expressing MLL fusion proteins
and has successfully replicated the original diseases in
transgenic mice. The experiments have provided criti-
cal insights into protein interactions, microenvironment
signaling, and epigenetic regulation, as well as identified
novel therapeutic targets that are now being evaluated in
clinical trials [14].

Target cells (hematopoietic stem and progenitor cells
(HSPCs) have been sourced from bone marrow, embry-
onic stem cells, and cord blood cells, and subsequently
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transplanted into immunodeficient mice. While this
approach offers many advantages, it also has certain
limitations and disadvantages. Natural packaging con-
straints restrict the size of retroviral genomes [15] and,
consequently, the size of retroviral plasmids. Another
drawback is viral integration into tumor suppressor or
oncogenes loci, which can lead to secondary malignan-
cies. To address these issues, knock-in chimeric mice
were generated through homologous recombination,
enabling transgene expression from the endogenous
locus [16]. More recently, genome-editing technologies
such as transcription activator-like effector nucleases
(TALENS) [17] and clustered regularly interspaced short
palindromic repeats (CRISPR) [18] have been employed,
making it possible to alter genes in situ.

B cell malignancies are diverse. Numerous mouse mod-
els with altered expression of cancer-driving mutations
in B-cell tumorigenesis have been developed in geneti-
cally modified mice to investigate complex neoplastic
gene functions and evaluate new therapeutic targets [19].
However, these models do not always accurately recapit-
ulate the corresponding human diseases.

Human leukemia cell lines are invaluable research tools
with many advantages. However, the number of avail-
able B-cell leukemia lines remains limited. A major draw-
back of immortal cells is that they may fail to maintain
the characteristics of primary cells. For example, genetic
instability can arise from serial passaging, cross-contam-
ination with other cell lines, or mycoplasma infection, all
of which can alter gene expression and cell behavior [20].
Gene-environment interactions are increasingly impor-
tant for understanding the etiology of leukemia. Mouse
models have been widely used to study the multistage
process of leukemogenesis and involvement of additional
chromosomal translocations, such as ETV6-RUNXI,
E2A-PBC1, BCR-ABL and others [21].

In this experiment, we aimed to induce expression of
the KMT2A/ENL fusion gene in peripheral blood cells
from healthy individuals to generate leukemia-like cells.

Methodology

Peripheral blood samples

Approval to conduct this study was obtained from the
Ethics Committee for Research Involving Human Sub-
jects (JKEUPM), Universiti Putra Malaysia, and the
National Medical Research Ethics Committee Registry
(MREC), Ministry of Health Malaysia (NMRR-17-2697-
38131). Three subjects were recruited from the Otolar-
yngology Department, Hospital Serdang, and the Faculty
of Medicine and Health Sciences, Universiti Putra Malay-
sia. Adults (> 18 years old) of both sexes were included
in the study. Peripheral blood samples were collected by
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a qualified medical personnel. All procedures adhered to
the principles of the Declaration of Helsinki.

A 20 mL blood sample was collected from each vol-
unteer, and mononuclear cells were isolated by gradi-
ent centrifugation using Ficoll-Paque PLUS according
to manufacturer’s instructions (GE Healthcare, Swe-
den). For long-term storage, cells were resuspended in
freezing medium (10% of DMSO, 40% of FBS and 50%
of RPMI 1640; Gibco, Invitrogen, USA) and stored in
liquid nitrogen after overnight slow cooling to —80 °C.
To reduce contamination, samples were processed in a
Class II Biosafety Cabinet (Telstar, Spain) under sterile
conditions.

Generation of KMT2A/MLLT1 expressing cells
Synthesis of KMT2A/MLLT1 fusion gene

The sequence for t(11;19)(q23; p13.3), corresponding to
the KMT2A/MLLT1 fusion gene (1683 bp) (Supplemen-
tary Figure S1A) was taken from Buechele et al. (2015)
[17]. Synthesis of the sequence was outsourced to Api-
cal Sdn. Bhd. and cloned into an IDT cloning vector with
a minor modification: the addition of two restriction
enzyme sites (BamHI and Xbal) at the sequence termini
(Supplementary Figure S1B). The sequence was validated
and confirmed by the company. The p65mNeonGreen
plasmid (plasmid #127,172, Addgene, USA) was used as
positive control.

Amplification of plasmid

The IDT (Intergrated DNA Tecnologies) vector contain-
ing the KMT2A/MLLTI fusion gene was transformed
into Topl0 competent cells (Invitrogen, USA) using the
heat shock method. After a 30 min incubation of 1 pg
plasmid DNA with the competent cells, heat shock was
performed by exposing the mixture to 42 °C for 45 s and
placing it on ice for 2 min. Cells were then added to super
optimal culture (SOC) medium (Sigma, USA) and incu-
bated in a shaking incubator for 1-1.5 h at 37 °C. Aliquots
(100-150 pL) of the transformed cultures were streaked
onto selective Luria—Bertani (LB) agar plates containing
10 pg/mL ampicillin (Merck, USA) and incubated over-
night at 37 °C. Transformed white colonies were selected
and added into 5 mL LB medium containing ampicil-
lin, in triplicate, and cultured for no more than 16 h in a
shaking incubator at 37 °C. Plasmid DNA was extracted
using the QIAprep Spin Miniprep Kit (Qiagen, Germany)
according to manufacturer’s instructions. Plasmid con-
centration and purity were assessed using a Nanodrop
1000 spectrophotometer (Thermoscientific, USA).

Subcloning into expression vector, pLVX-EF1a-IRES Puro
Restriction enzyme digestion with BamHI and Xbal
(NEB, England) was performed on both the IDT
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vector containing the KMT2A/MLLT1 fusion gene and
the expression vector pLVX-EF1a-IRES Puro (Clontech,
TAKARA), which carries multiple cloning sites, accord-
ing to manufacturer’s instructions.

Following digestion, gel electrophoresis was performed
on 1% of agarose at 70 V and 200 mA for 1 h, and the
digested bands were visualized on a transilluminator
(GeneDireX Inc, USA). The band of interest (1683 bp)
was excised from the gel and purified using the QIAquick
gel extraction kit (Qiagen, Germany).

Ligation was performed with T4 DNA ligase enzyme
(Promega, Korea), which joins the 5’-phosphate and
3’-hydroxyl groups of adjacent nucleotides in either
cohesive-ended or blunt-ended configurations, according
to manufacturer’s protocol. The molar ratio of vector to
insert DNA was maintained at least 1:3. Given that the
size of pLVX-EFla-IRES-Puro vector was 8.872 Kb and
KMT2A/MLLT1 insert was 1.863 Kb, and vector DNA
was kept at approximately 100 ng, the insert amount was
calculated using the formula: ng vector/ng inserts (con-
centration x volume insert) = molar ratio (3/1) x (kb size
vector/kb size insert).

T4 DNA ligase (1 U) was added to the buffer, and the
reaction was incubated overnight in a chiller (0-4 °C).
Various optimization steps were carried out, including
adjustments to DNA concentration, vector:insert ratio,
enzyme concentration, buffer and ATP levels, incubation
conditions, ligation enhancers and, heat activation. The
best results were achieved with 1:3 molar ratio [22].

The following day, bacterial transformation, plasmid
extraction, restriction enzyme digestion, and gel elec-
trophoresis were repeated to confirm successful liga-
tion. Successful subcloning was validated by the presence
of the expected band sizes of the gene of interest and
expression vector (Supplementary Figure S2).

Restriction enzyme digestion was further performed
to confirm the correct insertion and orientation of the
newly generated recombinant plasmid DNA (Table 1).

Transfection of KMT2A/MLLT1 vector into PBMC

Transfection was performed using lipofection reagents
(Lipofectamine 2000 and LTX reagent; Thermo Fisher,
USA). One day before transfection, each well of a 12-well
culture plate was seeded with 200,000 PBMCs in 1 mL

Table 1 Restriction enzyme digestion was also performed
to confirm the correct insertion and orientation of a newly
generated recombinant plasmid DNA

No Plasmid Restriction Restriction
enzyme enzyme

1 MLL/MLLTT (insert) BamHI Xbal

2 pLVX-EF1a-IRES-Puro (vector) BamHI Xbal

Page 4 of 10

of growth medium consisting of RPMI 1640, 10% fetal
bovine serum, gentamicin (2 pg/mL), amphotericin B
(1.25 pg/mL) and penicillin—streptomycin (100 U/mL)
(all from Gibco, Invitrogen, USA), and incubated over-
night at 5% CO,, 37 °C.

Transfection was first tested with the p65-mNeon-
Green GFP positive control. Optimization was per-
formed using this plasmid in both U937 monocytes cell
lines and PBMCs. As recommended by the manufacturer,
2 pug of plasmid was used to optimize both cell types. The
optimized conditions were then applied for transfection
of the KMT2A/MLLT1 vector into PBMCs.

Transfection reagent was prepared immediately before
use. Briefly, plasmid DNA (2 pg) was diluted in serum-
free RPMI (100 pL), mixed with 5 uL of each transfection
reagent, and incubated for 5 min at room temperature.
Then, 100 pL of the mixture was added dropwise to
each well, except control wells, which received only the
transfection reagent. Plates were gently rocked and
then incubated at 37 °C in 5% CO, for 7 days with the
p65-mNeonGreen GFP construct and up to 10 days with
the KMT2A/MLLT1 vector.

Flow cytometry analysis

GFP-positive cells were excited at 488 nm and detected
at the 530 nm channel (FL1 detector) on a FACSCanto
flow cytometer (BD, USA). Induced cells were character-
ized by flow cytometry using surface staining for B-cell
leukemia-associated markers including monoclonal anti-
bodies CD19-PE, CD34-PE-Cy7, CD45-PerCP-Cy5.5 and
CD38-APC-H7 (all from BD Biosciences, USA). Expres-
sion of the KMT2A/MLLT1 fusion protein was detected
by intracellular staining with polyclonal antibody MLL/
KMT2A (Novus, USA), according to standard staining
protocols.

Cell viability was assessed on day 10 using FVS 780 dye
(FITC). Transfected and untransfected cells were har-
vested on days 3, 7 and 10. For intracellular staining, cells
were fixed with Fix buffer/paraformaldehyde (PFA) (BD,
Biosciences, USA) followed by permeabilization with
Perm/Wash buffer (BD, Biosciences, USA). Cells were
incubated with 1 pL primary polyclonal antibody for
45 min at 4 °C in the dark, followed incubation with 1 uL
of FITC-conjugated goat anti-rabbit secondary antibody
(Novus, USA).

Data acquisition was performed on FACSCanto flow
cytometer (BD, USA). Cells were gated within the lym-
phoid population at forward scatter values of 50-100 to
acquire a total of 10,000 events. The mean + SD number
of events acquired in the MLL + CD45 + gate on days 3, 7
and 10 was 2035+ 1132; 373 + 149; and 364 + 323, respec-
tively. Data analysis was performed using FACSDIVA
software.
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Statistical analysis

Statistical comparisons were performed between
untransfected and transfected cells using the Mann-—
Whitney U test (Graphpad Prism, version 10). Results
are presented as mean * standard deviation (SD). A sig-
nificance level of p<0.05 was considered statistically
significant.

S50~ .000)

2 1

100 150 200 250 10° 107 10* 10
FSC-A & 1.000) GFP-A

Fig.1 Flow cytometry images of peripheral blood mononuclear cells

(PBMC) transfected with the p65 mNeon GFP vector and showing

successful expression of GFP (P4) on Day 7. Lipofection was used

to transfect 200,000 PBMC in growth media for up to Day 7

50

Un-transfected

50 100 150 200 250 10 10°  10*

FSC-Ax 1.000)

10

S

CD45 PerCP-Cy5-5-A

- . o -
2W1-1. -1 e
P3 (.)Q ) ’MZ ')9
‘O j Nc
o 31| Q41 . =
g 102 100 10t 10° g 102 100 10* 10°
CD38 APC-H7-A CD19 PE-A
©o_ 4 .oa 4
) S'! -
T _ 'c: p
2¥e13| - Q23 24| Q24
P4 “e 2
“eqes3| @e3 e R
10 10° 1w0* 10° 10 100 1w0* 10’
CD38APC-H7-A CD19PE-A

Page 5 of 10

Results

Transfection with the p65-mNeonGreen GFP plasmid
was successfully detected by Day 7 (Fig. 1). The same
procedure was then used to transfect the KMT2A/
MLLT1 vector into PBMCs collected from three volun-
teers. Three replicates were performed for each sample,
resulting in nine datasets. A representative flow cytom-
etry analysis is shown in Fig. 2. Lymphocyte-gated cells
were CD45 positive (CD45+). Transfection with the
KMT2A/MLLT1 vector induced expression of MLL +in
these cells, which was detectable in the P4 gate (right
panel). The mean + SD percentage of MLL + CD45 + cells
was significantly higher in transfected compared with
untransfected cells at day 3 (71.4% vs. 1.7%, p<0.0001),
day 7 (42.7% vs. 0.1%, p<0.0001) and day 10 (43.5% vs.
0.7%, p<0.0001) (Fig. 3A). By contrast, the mean fluores-
cence intensity of CD45, CD34 and CD38 did not differ
significantly between transfected cells and untransfected
cells (Fig. 3).

This study focused on the induction of leukemia-
like cells particularly of B-cell phenotype, since T-cell
acute leukemias are rare. Interestingly, by day 10 a sig-
nificantly higher percentage of B cells (35.4+32.0,
p<0.001) was observed among MLL +cells that were
also CD45+CD38+ (p<0.0039) (Fig. 3B). In contrast,
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Fig. 2 Representative flow cytometry plots on PBMC un-transfected and transfected with MLL/MLLT1 fusion gene on day 10. The lymphocyte
population (low FSC and low SSC) was first gated and then displayed for expression of MLL +/CD45 +and subsequently observed for expression
of CD34/CD38/CD19. While CD34 appears to be expressed, this is low compared to expression levels found in acute lymphoid and myeloid

leukemia cases
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cultures of untransfected cells showed a loss of B cells
(3.7+2.4, p<0.0078) (Fig. 3B).

Discussion

Acute lymphoblastic leukemia (ALL) is a malignancy of
lymphoid progenitor cells that blocks early differentia-
tion. It occurs in both children and adults, with peak inci-
dence between age 1 to 4 years [23], and approximately
75% of cases occurring in pediatric patients. More than
240 000 new cases of childhood acute leukemia are diag-
nosed each year [24]. Chronic lymphomas and leuke-
mias, including chronic lymphocytic leukemia (CLL), on
the other hand, affect mature cells [25].

Chromosomal translocation is a major cause of leuke-
mia. Approximately 75% of childhood ALL cases harbor
recurrent genetic abnormalities such as aneuploidy and
structural chromosomal arrangements, including trans-
locations [26].

The KMT2A fusion gene has been used extensively to
generate animal models of acute leukemia and has been
instrumental in elucidating disease mechanisms and
identifying therapeutic targets.

However, because KMT2A can fuse with many part-
ner genes, the diseases generated are often unpredictable
and may develop only after a long latency period [14].
The microenvironment also plays a critical role in cancer
development, providing support from stromal cells and
eradication by the immune system, that are not observ-
able in irradiated or immunodeficient mice. Furthermore,
KMT2A/MLLT1-induced AML cells transferred into
non-conditioned wildtype hosts are unable to propagate
[27].

Peripheral blood mononuclear cells (PBMCs) consist
mainly of lymphocytes and monocytes and represent an
important source of B cells. These cells spontaneously
produce cytokines at low levels early in cell culture [28].
Nevertheless, they provide a microenvironment condu-
cive to short-term cell growth, particularly for B cells.
PBMCs have also been a convenient source of primary
cells for studies ranging from inflammatory responses
to vaccine research, and they are commonly used in
the assessment of immunocompetence. Cryopreserved
PBMC samples can retain at least 90% viability for more
than 12 years [29], and unstimulated PBMC cultures in
standard medium can maintain over 60% viability after
10 days in vitro [30].

In this study, adult PBMCs were transfected with the
KMT2A/MLLT] fusion gene. This approach differs from
most previous studies, which primarily aimed to recapit-
ulate the original disease in early progenitor cells. Since
KMT2A-rearrangements are also detected in B cell lym-
phomas [11], which are mature-cell malignancies, the
model generated here may be particularly suitable for
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studying advanced forms of B-cell cancers. Thus, PBMCs
provide a convenient and ethically favorable source of
cells for transformation.

The majority of lymphoma/lymphoblastic leukemias
are of B cell origin. Although KMT2A rearrangements
are associated with AML, ALL and even mixed-line-
age leukemia, experimental induction of leukemia with
KMT2A fusion genes shows lineage-specific predispo-
sitions. Barabé et al. (2007) reported that B-cell acute
lymphoblastic leukemia (ALL) was most frequently
induced with KMT2A/MLLTI and MLL-AF9 [31]. In
murine models, MLL-AF9 generated AML from mouse
hematopoietic stem and progenitor cells (HSPCs) but
pro-B ALL from human HSPCs [32]. While MLL-AF9
expressed in human CD34+HSPCs induced both AML
and ALL in mice, KMT2A/MLLT1I gave rise exclusively to
the ALL subtype [17]. As our aim was to generate a B-cell
associated malignancy, the KMT2A/MLLT1 construct
from [17] was selected.

Using the TALENs method, Buechele et al. (2015) suc-
cessfully transfected approximately 20% of K562 cells
and lower percentages of CD34+HSPCs with KMT2A/
MLLT1 [17]. In this study, GFP was expressed in 3.3% of
PBMCs within the lymphocyte compartment. Toxicity
and transfection efficiency are generally positively corre-
lated [32]. By day 10, approximately 45% of PBMCs were
CD45+ KMT2A/MLLT1+ . Reimer et al. (2017) reported
the formation of true t(11;19)/MLL-AF9 translocations
both in vitro and in vivo using CRISPR-Cas9; however,
full transformation was not observed in liquid culture or
methylcellulose assays with CD34+hematopoietic stem
progenitors cells (HSPCs) [33].

In control experiments, untransfected cells treated
with Lipofectamine but without the KMT2A/MLLT1
vector remained MLL negative. Approximately 7% of B
cells were detected in early cultures, consistent with the
expected 5-10% found in healthy PBMCs. Over time, the
proportion of B cells declined to nearly zero by day 10.

Transduction or transfection is defined as a non-repli-
cative, dead-end process that enables delivery of genetic
information into specific cell [34]. In this study, transient
transfection was used [35]. These cells were not expected
to persist long term, as the KMT2A/MLLT1 vector would
be diluted with each cell division. Alternative approaches,
such as mechanical transfection or electroporation, may
also be applied to primary cells. Electroporation exposes
cells to an electric field of sufficient amplitude to facili-
tate plasmid DNA entry [36]. Factors such as cell density,
media culture condition and DNA plasmid concentration
must be carefully optimized. For instance, serum-free
medium in combination with RPMI has been shown to
support viable and proliferating B cells for up to six days
in culture [37]. Liposomes or nanoparticles may further
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enhance DNA delivery into primary B cells. Liposomes
are nano-vesicles enveloped by lipid bilayers, offer prom-
ising biological features due to their resemblance to natu-
ral biomembranes [38].

By addressing these methodological factors and explor-
ing alternative delivery systems, researchers may improve
transfection efficiency in primary B cells. Nonetheless,
interindividual variability remains a significant limitation
in generating leukemia-like cells, as genetic background,
cellular responses, and disease progression differ among
donors and can affect the reproducibility and accuracy
of the model. Future studies should incorporate diverse
donor pools to capture this variability and apply stand-
ardized protocols to minimize experimental inconsist-
encies. Moreover, advanced genomic and proteomic
analyses could help identify sources of variability, thereby
supporting the development of more robust and repre-
sentative leukemia models.

Electroporation and liposomal delivery systems are
promising approaches for efficient gene and drug transfer
into leukemia-like cells because they enhance transfec-
tion efficiency while reducing cytotoxicity. Electropo-
ration applies brief electrical pulses to create transient
pores in cell membranes, enabling direct entry nucleic
acids or drugs. This approach is particularly effective
for hard-to-transfect leukemia cells. Liposomal systems
encapsulate therapeutic agents within lipid bilayers, facil-
itating targeted delivery and improved cellular uptake
while minimizing off-target effects. Future experimental
directions include optimizing electroporation parameters
(e.g., voltage, pulse duration) to improve specificity and
viability, and designing next-generation liposomes with
surface modifications for targeted delivery to leukemia
cells. Combining these techniques with precision medi-
cine approaches and high-throughput screening could
lead to more personalized and effective therapeutic strat-
egies [39].

In contrast, within transfected MLL + samples, a popu-
lation of B cells emerged and reached its highest propor-
tion by day 10. This finding is consistent with previous
studies showing that KMT2A/MLLTI induces B cells
with altered growth potential [17, 31]. Another study
that used primary human B cells modelled high-grade
lymphoma by applying CRISPR/Cas9 to express CCND3,
BCL6, or IL21 in human germinal center B cells, which
also required FDC-like feeder cells for long-term culture
[40]. CRISPR/Cas 9 has also been used in vivo to deliver
BCR-ABL, t(9;22), effectively slowing progression of Phil-
adelphia-positive ALL with the T315I mutation [41].

B-cell acute lymphoblastic leukemia is typically char-
acterized by high CD34 expression, reduced CD45, and
the presence of CD19 and CD38. These markers were
detected on the abnormal B-cell population in this study
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but showed no change from baseline, suggesting that
progenitor features were not induced. By contrast, B-cell
lymphomas variably express markers such as CDI0,
BCL-2 and CD5 [42], which were not examined here.

This leukemia-like cell model enables the use of sam-
ples from individual selected on specific criteria, such as
genetic background, including variation in the highly pol-
ymorphic HLA complex, to study interactions with the
microenvironment without rejection issues.

Future research may explore inducing pluripotent stem
cell features before leukemia induction to generate cells
resembling the immature phenotype of acute leukemias.
However, developing in vitro leukemia models remains
challenging because of the complexity of bone marrow
niches, leukemia-associated stem cells and related fac-
tors. Current preclinical approaches include 2D in vitro
culture models and, more recently, 3D culture models
of acute lymphoblastic leukemia using gelatin-based
matrices [43]. These advances may facilitate studies of
leukemia pathogenesis, biomarker discovery and drugs
development. The proposed model offers a cost- and
time-efficient approach to generating leukemia-like cells,
albeit transiently. Because transient transfection does not
integrate nucleic acids into the host cell genome, it is well
suited for in vitro cytotoxicity screening that requires
short-term assays such as the MTT assay (3 day drug
exposure). This system is therefore valuable for preclini-
cal drug screening, testing synergistic combinations, and
identifying biomarkers of drug response and resistance
[44].

The development of cancer therapeutics remains a
major hurdle in leukaemia, as responses may vary across
populations and individuals. The ability to rapidly manip-
ulate and transform cells could accelerate clinical deci-
sion-making and improve patient management.

Conclusion

This simple, rapid, and relevant method of overexpress-
ing KMT2A/MLLTI in peripheral blood mononuclear
cells successfully generated B cells with abnormal growth
potential. These cells may serve as a practical source of
‘leukemia-like’ cells for further study.

Limitations of the study

Several limitations should be acknowledged in this study.
The samples size was small; only three subjects from both
sexes were included, which may have contributed to vari-
ability between individuals. Future studies should involve
larger, more homogeneous cohorts stratified by sex, race,
and age to enhance reproducibility and generalizability. B
cells could also be isolated to increase yield. In this study,
peripheral blood was used, which contains primary sus-
pension cells that are inherently difficult to transfect.
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Future work should consider mechanical methods such
as electroporation to improve transfection efficiency and
reprogramming of these cells.
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